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Abstract 
With the impending development of the Internet of Things (IOT) and wearable 
technology, the consumer electronics market is subject to enhanced demand for flexible 
circuits. Printing of electronic inks is regarded as a promising route to realize low-cost, 
high-throughput manufacturing of flexible electronic devices for a variety of novel 
applications. Roll-to-roll printing, in particular, can significantly improve the throughput 
and further reduce production costs. Although several printing techniques, such as inkjet 
printing, aerosol jet printing and gravure printing, are compatible with roll-to-roll 
processing, there are several key technical challenges when making flexible circuits with 
excellent electrical performance and high yield by roll-to-roll printing. First, materials 
registration is a significant challenge when building multi-layer devices by printing on a 
moving web. Misalignment of different material layers may degrade device performance 
or cause electrical shorts. Patterning small features less than 10 μm is another technical 
challenge for printed electronics. These two challenges limit the industrial application of 
roll-to-roll printing. 
To address these two challenges, a novel method termed SCALE (Self-aligned, 
Capillarity-Assisted Lithography for Electronics) has been developed to fabricate 
multiple components of integrated circuits. SCALE utilizes micro-imprinting to create a 
complex network of circular ink receivers and small capillary channels on the top surface 
of a plastic substrate. When inks are printed into the receivers by a drop-on-demand inkjet 
printhead, they spontaneously flow under capillary forces into all the capillary channels 
connected to the receivers. Film deposition occurs upon drying of the inks. Different films 
can be layered on top of one another by delivering each ink sequentially into receivers 
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with overlapping ink receivers or capillary channels. Since receivers have diameters on 
the order of 100 μm, the precision required to deliver ink is substantially relaxed. 
Consequently, this process is more suitable for printing on a moving web and more 
compatible with high-throughput, roll-to-roll processing. 
In this thesis, fabrication of fully-printed resistors and low-pass RC filters via this self-
aligned strategy is presented. Poly(3,4-ethylene dioxythiophene):poly(styrene sulfonate) 
(PEDOT:PSS) was used as the resistive material, and silver was used for the electrodes.  
Using SCALE, fully inkjet-printed, self-aligned resistors were achieved with resistance 
values ranging over five orders of magnitude while keeping the overall dimensions of the 
devices constant. SCALE was then employed to build low-pass RC (resistor-capacitor) 
filters with cutoff frequency from 0.4 - 27 kHz and excellent operational stability.  
Self-aligned, fully printed diodes on plastic substrates were also demonstrated using 
SCALE in this thesis. A new pattern design for devices in a vertically stacked structure  
is reported, which incorporated flow control structures to realize better control of ink 
flows and to improve device yield. Printed diodes exhibited outstanding rectification 
ratios (>104) and excellent stability against repeated bending. Overall, the work in this 
thesis expands the potential of self-aligned inkjet printing for producing fully printed 
electronic circuits. 
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Chapter 1 Introduction 
1.1 Motivation and Background  
The information revolution we are witnessing today has tremendously changed our life. 
This new era of information has boosted the demand for low-cost electronic devices. It also 
added new requirements for flexible circuits or large area circuits in order to meet special 
needs for some application scenarios such as wearable device, robot movement and large 
area displays.  The forecasted annual revenues by the early 2020s ranges from $75 billion 
to $190 billion depends on the market for flexible electronic products 4. To meet the 
growing demands of flexible electronic market, finding a way to fabricate flexible circuits 
at low cost and large quantities becomes more and more attractive for the semiconductor 
industry.     
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    The use of printing strategies for production of flexible circuits on plastic or paper 
substrates is preferred for several reasons including the compatibility of printing with 
continuous, roll-to-roll processing, scalability to large areas at lower cost, and reduced 
materials waste by eliminating subtractive etching steps 5. Silicon crystal research in 
microelectronics has focused on scaling down device dimensions requiring considerable 
improvement in device performance and integration density 6. However, newly emerging 
applications such as flexible electronics require unique form factors (flexibility, thinness, 
lightweight) for circuit design. Envisioned applications of flexible circuit include sensors 
7, large area sensor arrays 8, wearable electronics 9, displays 10, smart labels 11, and medical 
diagnostics 12-13. It was found by IDTechEx Research that the total market for printed, 
flexible and organic electronics will increase to $77.3 billion in 2029 14. The main 
applications of that, as summarized by IDTechEx, is OLEDs, printed biosensors, and 
printed conductive inks. Besides, other innovative applications such as stretchable 
electronics, flexible energy storage devices and touch sensors also have strong growth 
potential 14. Unlike semiconductor chips manufactured using traditional microfabrication 
methods, flexible electronic devices have less stringent requirements on device 
performance and dimensions. Therefore, the boosting flexible electronic market is 
searching for a reliable route to realize lower production costs in order to produce devices 
with competitive market prices.  
Printed electronics offers a possible solution for large area electronics fabrication at low-
cost. The production cost of circuits depends on the prices of raw materials and cost of 
fabrication equipment and materials processing. In printing processes, desired patterns can 
be directly deposited by printing in place of lithography. So, printing electronics can 
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considerably reduce the cost and increase the throughput by simplifying the fabrication 
process and eliminating unnecessary material waste. A variety of electronic materials have 
been reported to be printable, including conductors 15-16, semiconductors 17-18 and dielectric 
materials 19. Besides, the advent of printing technology has also facilitated rapid and low-
cost prototyping of circuit designs. The use of digital printing methods can significantly 
improve the efficiency of the development of electronic devices by reducing the turnaround 
time.  
Among printing techniques, inkjet printing has been widely used for printed electronics 
demonstrations due to its numerous positive aspects including digital control, non-contact 
operation, materials compatibility, minimal material waste, and widespread commercial 
acceptance 20-34. However, its application in high-throughput roll-to-roll processing of 
multilayered microelectronic circuits is limited currently by poor resolution and materials 
registration challenges. Printing resolution and registration are crucial in the production of 
functional electronic components. The current spatial resolution (> 10 µm) is insufficient 
for high-precision electronics 35. Besides, the requirement for materials registration 
precision is at micron level for multilayered devices with excellent electrical performance.  
   To address these two problems, a novel inkjet-based printing method termed self-
aligned capillarity-assisted lithography for electronics (SCALE) has been developed 1. This 
method involves imprinting an open network of receivers, capillaries and device structures 
on a flexible substrate, inkjet printing electronically functional inks into the receivers and 
using capillarity to fill features to create electronic components. A variety of printed circuit 
elements fabricated via the SCALE strategy have been reported to have good electrical 
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performance, including transistors 1-3, 36, resistors 1 and capacitors 1, 37. However, 
production of printed resistors with a wide range of resistances using this roll-to-roll 
compatible method has never been showed. Besides, a multilayer device with a stacked 
structure such as a diode has been hard to achieve using the SCALE process.  
    This thesis aims to present a continuing development of the SCALE strategy and further 
expand the applications of this technique by adding new device structures and process 
designs to the SCALE toolbox. This thesis describes a reliable method to fabricate self-
aligned inkjet printed resistors on roll-to-roll imprinted flexible substrates with resistances 
ranging over five orders of magnitude. Inkjet-printed low pass RC filters with predictable 
and stable dynamic performance were also successfully fabricated using the SCALE 
process. This thesis also demonstrates a new design for fully printed and flexible diodes 
and diodes with a rectification ratio as high as 5×104 were achieved. The SCALE method 
appears to be a promising way to facilitate the fabrication of flexible circuits by roll-to-roll 
processing.  
1.2 Thesis Outline  
    This thesis focuses on printed electronics and ways of improving the manufacturing 
process of circuit elements by exploring new ways to solve the existing engineering 
problems in roll-to-roll printing, including increasing printing resolution and realizing 
materials registration.  
• Chapter 2 gives an introduction of printed electronics. This chapter covers trending 
applications of printed electronics and common printing techniques that can be 
employed in fabrication of semiconductor devices. Then, roll-to-roll printing, a 
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production method that is promising for large-scale manufacturing of electronic 
devices, is illustrated with its advantages and major technical challenges 
highlighted.  
• In Chapter 3, a novel printing method termed “SCALE” is introduced aiming at 
addressing the technical challenges in roll-to-roll printing. The advantages of this 
new strategy are first discussed. This is followed by an illustration of the process 
flow. Then a summary of recent developments in SCALE is presented and the 
existing challenges are pointed out. 
• Chapter 4 gives an example of electronic components fabricated via the SCALE 
process. Fully printed resistors with a wide range of resistances and low-pass RC 
filters with tunable cut-off frequency were created using this roll-to-roll compatible 
method. Details about design improvement and ink material optimization are 
discussed. Then, device performances for both the resistor and the RC filters are 
displayed and discussed.  
• Chapter 5 continues with the research work on the development of the SCALE 
process. A new device pattern design is introduced to print multilayer devices in a 
vertically stacked structure. The new design involves multiple flow control 
structures to manipulate flow distance and direction. Printed diodes based on this 
new design are shown to have good electrical performance. Dynamic performances 
of printed diodes are also evaluated along with their mechanical durability against 
bending. 
• Chapter 6 focuses on the outlook of the SCALE process. Four possible future 
directions are discussed in detail, including shrinking the device footprint, a new 
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design for multilayer devices, improving the device flexibility and fabrication of 
functional circuits.  
 
  
   
7 
 
 
 
 
 
 
 
Chapter 2 Printed Electronics 
Printing technologies were invented for storage and exchange of information and are 
extensively used in publishing industry. Recently, printing techniques have moved to new 
areas of manufacturing, for example, semiconductor industry. The use of printing strategies 
for production of flexible circuits on plastic or paper substrates is attractive for several 
reasons including the compatibility of printing with continuous, roll-to-roll processing, 
scalability to large areas at lower cost, and reduced materials waste by eliminating 
subtractive etching steps 5. These positive attributes have motivated the rapid development 
of printed electronics.  
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2.1 Applications of Printed Electronics 
With the rapid progress of internet of things (IOT) 38 and wearable technology 39-40, the 
consumer electronics market is subject to witness an enhanced demand for flexible circuits. 
There is a prominent rise in the usage of flexible electronic devices in the information age, 
and work has been done to lower the cost of those ubiquitous devices. Printed electronics 
is regarded as a promising route to realize a dramatic reduction in the production cost of 
flexible electronic devices, which can find applications in a variety of new areas, including 
smart labels 11, 41, wearable sensors 42, displays 43-44, flexible batteries 45-46, and medical 
diagnostics 12-13. 
2.1.1 Flexible displays  
The breakthrough in organic light emitting diodes (OLEDS) has led to widely 
application of OLED techniques in consumer electronics market. Although most of the 
OLED products in the market right now are fabricated using traditional vacuum deposition 
methods, printing provides a promising way to substantially lower the production cost and 
make OLED products accessible to a larger population. Printing techniques can be utilized 
to manufacture both OLED pixels and the backplane circuits based on thin film transistors 
(TFTs) designed to drive the pixels, so it is promising for printing to overcome production 
challenges in order to manufacture the OLED TVs in volume.  
TFT circuit-based backplanes are a critical part of displays. Fully printed and flexible 
active-matrix backplane has been successfully fabricated using carbon nanotube TFTs 47. 
In displays, high current densities are preferred, which demand high performance thin film 
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transistors. Shorter electrode separation and semiconductor films with higher mobility lead 
to higher switching speed of transistors. When it comes to fully printed transistors, it is 
important to increase the printing resolution and improve the quality of printed films.  
One existing challenge in fabricated printed OLED pixels is to print films with uniform 
thicknesses, which is very important for their application in displays. OLED pixels are 
usually printed in confined grooves. Printed films typically have a higher film thickness 
variation compared with vacuum evaporated films due to the drying behavior of drops. 48 
Optimization of drying conditions and ink properties is required to improve the printed 
film quality. 
2.1.2 RFID tags 
    Distributed electronics is important power sources for the idea of “Internet of Everything 
(IOE)”. Among them, RFID (radio-frequency identification) tags are important to realize 
item-level tracking of products 49. RFID has broad applications in our daily life including 
retail, pharma and payments and may become ubiquitous when the age of “Internet of 
Everything” arrives. For example, RFID tags can store more information when integrated 
to packages. IDTechEx forecasted that 28 billion RFID tags will be sold in 2020 50. Among 
them, disposable RFID tags are highly demanded for applications including smart packages 
and medication. So, it is required to produce RFID tags in large quantities at low cost to 
make the price competitive.   
Printing RFID tags in large quantities is a promising pathway to realize low fabrication 
cost. There are several reports showing that fully printed RFID tags can operate at a 
frequency above 13.56 MHz, making it realistic for near field communication 41, 51-54. A 
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fully printed humidity sensor fabricated by roll-to-roll gravure and roll-to-roll coating has 
been reported with the ability of wireless communication 54. In this work, antenna, diodes, 
capacitors and humidity sensors were printed on PET films, and electrochromic signage 
units were deposited by roll-to-roll coating. Another report on printed RFID tags used roll-
to-roll gravure printing (Figure 2.1) to fabricate antenna, rectifiers, and ring oscillators on 
plastic substrates 51. Printed RFID tags (Figure 2.1 (a)) can operate at a frequency of 13.56 
MHz. So, it is promising to produce RFID tags at ultralow cost and large quantities.  
 
Figure 2.1 (a) Schematic illustration of roll-to-roll gravure printing, (b) picture of gravure printer, (c) Roll 
image of the completed R2R gravure-printed components for 13.56-MHz-operated 1-bit RF tags. Adapted 
from 51 
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2.1.3 Stretchable electronics 
    The advent of wearable electronics has created a high demand for stretchable electronic 
devices. Stretchable electronics allow us to put function into clothes by, for example, 
embedding solar cells or heating circuits into fabric 55. In medical area, metallic thin-film 
based flexible circuit can serve as heating smart patch for thermotherapy 56. Besides, 
stretchable electronic devices can provide flex to rigid integration by connecting rigid 
devices on silicon to flexible components on flexible substrates. These novel applications 
of stretchable electronics can provide innovative solutions to problems in our daily life by 
overcoming the limitations of rigid substrates in traditional silicon-based electronic 
products. 
Employing flexible substrates such as plastic and textile makes it hard to deposit and 
pattern films using traditional semiconductor manufacturing processes. Printing methods 
are more suitable because they can easily accommodate different kinds of substrates. The 
processing temperature in printing processes is also lower, which is compatible with 
inexpensive plastic substrates. Besides, conducting polymers are a promising material 
system for applications of stretchable electronics due to their inherent flexibility. A variety 
of organic electronic materials has exhibited excellent solubility, printability and electrical 
performance, which makes printing methods more attractive for stretchable electronics 
applications 57.  
    Current challenges of making stretchable electronic devices come from the degradation 
of electronic materials during long term operation. Repeatable bending and stretching may 
lead to cracking and delamination of films from the substrate or other defects that may 
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introduce instability in device performance. Resistance against washing is another concern 
of clothes imbedded with circuits.  
2.1.4 Sensors 
Sensors are an essential part of the concept of Internet of Everything (IOT) and are 
widely used in our daily life. Sensors are capable of responding to various types of external 
stimuli and can be integrated into monitoring systems to detect their ambient environment. 
Sensors can be utilized for environmental, healthcare and industrial applications. For 
example, optical sensor is an attractive application that has been studied for decades. 
Optical sensors are preferred for remote detection. They have the ability to instantly 
respond to changes of various properties of light including frequency, intensity and 
polarization 58. Up to now, sensors fabricated on rigid silicon substrates still dominate the 
market, but several disadvantages associated with them limit their application in some 
emerging areas. The fabrication cost of silicon-based sensors is high, and they are subject 
to mechanical damage when bended. So, when it comes to novel applications such as 
disposable sensor patches, wearable devices and robot arm sensors, the usage of a cheaper 
and more flexible sensor is preferred.  
Printing techniques are known for compatible with a wide range of flexible substrates. 
Besides, the low-cost feature of printing makes it more attractive for fabricating disposable 
sensors. A wearable sweat-based sensor has been printed to provide a new way of 
measuring glucose, monitoring heart rate and other vital signals by analyzing user’s sweat 
59. Recently, printed sensors based on carbon nanotube (CNT) has been extensively 
investigated for applications including electrochemical sensors 60, strain sensors 61 and 
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tactile sensors 62. CNT was chosen as the functional material due to its specific advantages 
like high flexibility, good dispersity after functionalization and biocompatibility. Although 
research in printed sensors are developing rapidly, further improvement in sensitivity and 
sustainability lies in increase of printing resolution and optimization of material system 
such as eliminating of insulating component in the sensing layer.  
2.2 Overview of Printing Techniques 
Printing technology refers to a patterning method by selectively depositing a solution or 
ink onto a substrate. Printing technology was invented in around 3500 BCE and was 
extensively used in publishing industry. Recently, the application of printing technologies 
has moved into new areas of manufacturing and printing starts to play a vital role among 
all the semiconductor fabrication techniques targeting low-cost and large-scale 
manufacturing. In microfabrication area, printing allows fast deposition of electronic 
materials without further patterning. Printing significantly simplifies the steps of creating 
a pattern compared with traditional photolithography-based methods. Printing also endows 
semiconductor manufacturers with the additional capability to reduce material waste and 
to lower fabrication cost. Compared with vacuum deposition, the requirements on 
deposition environment and deposition equipment are lower because printing is usually 
done in air. So, this feature can significantly reduce the cost coming from purchasing and 
operating the deposition tools. In addition, printing is a more environmental-friendly 
fabrication method. Some photoresists and their developers are classified as harmful to 
human health or even very toxic on single exposure. Printing is an additive manufacturing 
method, which means it can decrease the disposal of photoresists and hazardous solvents 
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by eliminating the photolithography and the lift-off steps in circuit fabrication. So, printing 
provides a considerable number of advantages including low-cost, simpler processing, less 
stringent requirements on deposition environment, reduction of hazardous waste and 
flexibility of process design.  
Printing methodologies can be classified into two categories, contact and non-contact. 
Contact printing, including screen printing, gravure printing and stencil printing, involves 
the use of a mask or a stamp for patterning. Contact printing usually have a higher printing 
speed and suitable for large-area electronics. Non-contact printing techniques, including 
inkjet printing and aerosol jet printing, enable mask-free fabrication in an additive rather 
than subtractive manner and avoid the film defects generated in the delamination process 
of contact printing. The choice of a printing technique for a certain application depends on 
the requirement of printing resolution, material selection, the scale of production and 
commercial availability.  
2.2.1 Inkjet printing 
Inkjet printing is a non-contact, digital printing technique which was invented in 1960s. 
It is designed to deliver small and finite amounts of ink onto a substrate on a variety of 
substrates including paper, plastic and fabric. Inkjet printheads, which are used for the 
generation and ejection of the ink drops, are mounted on a carrier. A 2D-pattern can be 
converted into the instructions that drive the movement of the printhead or the substrate or 
both to create a printed pattern drop by drop. It is easier to adjust the pattern created by 
inkjet printing compared with other printing methods such as gravure printing which relies 
on a physical mold or mask for patterning.  
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Existing inkjet printing techniques can be classified into two categories based on the 
delivery of the drops, continuous inkjet printing (CIJ) or droplet on demand printing (DOD)  
(Figure 2.2). Depending on the way the droplets are generated, inkjet printing can also be 
categorized into electrohydrodynamic jet printing and piezoelectric inkjet printing (Figure 
2.2). In electrohydrodynamic jet printing, ions created by an electrical field applied 
between the nozzle and the substrate accumulate at the liquid surface. The liquid meniscus 
changes into a conical shape due to the Coulombic repulsion of ions. So, droplet size is 
much smaller than the nozzle orifice, which can reduce the printed feature size down to 
less than 1 μm 63. The work in this thesis was done using a piezoelectric drop-on-demand 
inkjet printer. The deposition of individual drops was realized by pressure pulses created 
by a piezoelectric transducer. When an external voltage is applied to the piezoelectric 
transducer, it deforms and leads to a sudden reduction of the ink chamber volume. This 
sudden reduction starts a shockwave within the ink in the chamber, causing the ejection of 
a drop out of the nozzle 64. The drop volume is around picoliter 65 and can be adjusted by 
modifying the voltage waveform applied to the piezoelectric transducer. The drop then 
spreads to a diameter of several decades of m on the substrate. Surface tension and 
viscosity of inks and surface energy of the substrate will determine the spreading of the 
printed features. Ink spreading, along with the nozzle orifice, will influence the printing 
resolution. 
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Figure 2.2 Schematic illustration of  drop-on-demand inkjet printing. (a) thermal inkjet printing and (b) 
piezoelectric inkjet printing. Adapted from 66  
This technique is compatible with a variety of electronic inks, including conducting 
polymers, metal oxide, metal and carbon-based materials 25, 30, 67-68. Also, a lot of 
commercial inks formulated for inkjet printing are available now in the market. In the near 
future, incorporating inkjet printers into a production line is a promising route to 
commercialize this technique and to realize large-scale production of printed circuits.    
2.2.2 Aerosol jet printing 
Aerosol jet printing (AJP) is also a digital non-contact printing method. Aerosol jet 
printing can achieve featured sizes as small as 10 μm by using a focusing sheath gas. This 
flowing gas also prevents clogging in the printer head allowing aerosol jet printing to 
accommodate a wide range of ink viscosities.  
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Aerosol jet printing can tolerate a wider range of ink viscosity and achieve a higher 
spatial resolution compared to alternatives such as inkjet printing. The aerosol jet printing 
process is shown in Figure 2.3 (a) where it is broken down into three steps. First, liquid ink 
is atomized and a dense aerosol is created. Then the aerosol is transported to the print head 
by an inert carrier gas through a plastic tube. Finally, aerosol stream is focused by a sheath 
gas and ejected at a high velocity 69. Process parameters have a definitive influence on the 
morphology of printed films, which has been systematically studied 69-70. This technique 
can define a line as narrow as 10 µm. A variety of inks have been aerosol jet printed into 
thin films including conductors 70, semiconductors 71 and insulators 72. Aerosol jet printing 
can also be applied to fabricate transistors, bio-sensors and display circuits, 72-74. 
 
However, application of aerosol jet printing is hindered by the roughness and porosity 
of printed film. One drawback of aerosol jet printing is when nanoparticle inks are printed, 
they tend to form porous films with low density and conductivity, which can significantly 
impact the electrical performance of printed devices. This drawback to some extent limits 
                 
 
Figure 2.3 Aerosol jet printing. (a) AJP process, from aerosol jet printing 200 data sheet by Optomec® 
and (b) An example of aerosol jet printed lines. 
(a)
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the range of available inks for aerosol jet printing. Overspray is another issue involved in 
the aerosol jet printing process. The overspray widens the printed feature and results in a 
pattern with rough edge, which is shown in Figure 2.3 (b). 
2.2.3 Screen Printing 
    Screen printing is a contact printing method which is currently used in textile industry. 
In screen printing, ink materials are pushed through a screen onto the substrates. Excess 
ink is removed afterwards by a squeegee. In screen printing, the emulsion is supposed to 
keep from drying in the screen due to solvent evaporation. Instead, the ink is dried by heat 
or light exposure after the printing. Screen printing is preferred for its inherent scalability 
and its simplicity of materials registration because layer-to-layer alignment is performed 
in a parallel-plate manner 47, 75. The integration of screen printing as a scalable method to 
roll-to-roll processing is also possible by replacing the plenary screen with a cylindrical 
screen.   
The possibility to screen print on large-area and flexible substrates at a faster speed 
compared to digital printing methods has made it attractive for a variety of applications. 
All screen-printed transistors, resistors and diodes 47, 75-78 has been reported up to now. The 
bottle neck of screen-printed electronic circuits lies in the difficulty to further improve the 
printing resolution. One method to improve the resolution is by developing new screen 
masks because the resolution of screen printing is dictated by the quality of the mask. 
Screen printed graphene with a silicon stencil has been reported to be able to print a feature 
of 5 um 79. Transistors with screen printed graphene as the electrodes were also 
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demonstrated to have excellent electrical performance. Silver lines with a width down to 
22 μm was also achieved in the same way 76.   
2.2.4 Gravure Printing 
Gravure printing is also a contact printing method. It began in the early fifteen century 
and was used in the printing of publications, packaging and special products. In gravure 
printing, the pattern was etched on the surface of a gravure cylinder. Etched cells are 
recessed into the cylinder and are used to hold the inks. The unetched area of the surface 
is at the original level. When printing starts, the rotating cylinder is dipped slightly into the 
ink to feed ink into the recessed cells. And the ink attached to the unetched area of the 
surface is wiped or removed by a doctor blade. Then the substrate is pressed against the 
inked gravure cylinder by the impression cylinder. Ink was transferred partially from the 
cells on the gravure cylinder to the substrate. The process is depicted schematically in 
Figure 2.4 80. 
 
 
 
Figure 2.4 Schematic drawing of the gravure printing process. Adapted from 80. 
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   Gravure printing is preferred for the ability of producing high-quality printing patterns at 
a high speed. Besides, this technique is ideal for extremely long runs since metal cylinders 
can last for several million impressions. In printed electronics, gravure printing is attracting 
a lot of attention due to its advantages including high resolution (smallest line width around 
20 m) 81, compatibility with low viscosity inks, solvent resistance of the gravure cylinder 
and long-run stability at high printing speeds (around several meters per min) 82. In order 
to further improve the printing resolution to meet the requirements of electronic circuit 
production, laser technologies are utilized for engraving cylinder surfaces instead of 
traditional electromechanical engraving. Up to now, gravure printing has demonstrated the 
ability to print conductive features 82, capacitors 83, RFID antenna 84, and OLEDs 85.  
2.3 Roll-to-roll Printing and Current Challenges 
    The development of economically viable electronic devices demands high throughput 
processes. Roll-to-roll printing, which combines roll-to-roll processing and printing 
techniques, is a promising fabrication approach for the manufacture of large-scale and 
flexible circuits at low cost (Figure 2.5). Roll-to-roll printing integrates several printing 
and annealing units together in sequence into a production line, which provides a viable 
way to significantly boost the productivity and reduce the cost of making large area 
electronic systems. 
Integrating gravure printing with roll-to-roll processing is relatively easy among all the 
printing techniques, which has been demonstrated 81, 86. Rotary screen printer in a roll-to-
roll line has also been reported to print polymer solar cells 87. Hosel, et al. have 
demonstrated roll-to-roll flexographic, inkjet, flatbed, and rotary screen printing and 
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evaluated their application in printing metal electrodes for solar cells 88. Among them, roll-
to-roll flexographic printing was highlighted because it represents the lowest cost, lowest 
materials consumption and fastest processing speed. However, printed solar cells usually 
has less stringent requirements for resolution or alignment. So, when it comes to other 
devices such as transistor, other printing techniques with higher resolution may be 
preferred in a roll-to-roll line.  
Figure 2.5 Schematic illustration  of a roll-to-roll printer with printing and annealing units integrated 
Heating units are also necessary in a roll-to-roll printing line because drying and 
annealing steps are needed to form a high-quality film after printing. Photonic sintering 
and IR heating are preferred annealing methods for roll-to-roll printing. Photonic sintering 
is a roll-to-roll process where the thin film is rapidly heated by absorbing intense light from 
a flash lamp. The printed semiconductor films have a higher absorbance of the radiant 
energy from the flash lamp compared to the underlying plastic substrates, which results in 
a lower temperature in substrates. Moreover, each pulse only lasts for several milliseconds, 
and therefore the heat transfer to the underlying polymer substrate is limited, preventing 
severe damage to the substrate. From a processing standpoint, this ultrafast annealing 
technique can reduce the thermal processing time down to a few minutes. Additionally, 
this process can be performed under ambient conditions eliminating the need for an inert 
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environment. IR heating is another promising annealing method for roll-to-roll printing. IR 
heating is suitable for sintering metal particles to improve film conductivity 89.  
    Although roll-to-roll printing has shown promising future, some major engineering 
problems has to some extent limited its viability in mass production of electronic circuits. 
When printing technologies are applied in the manufacturing of electronic circuits, the 
requirements of printing quality are far beyond satisfying a resolution of human eye, which 
is the major demand of traditional publishing industry. The application of printing in high-
throughput roll-to-roll processing of multilayered circuits is limited currently by poor 
resolution and materials registration challenges. Printing resolution is very important for 
making electronic circuit. For example, reducing the distance between the source and drain 
electrodes of a transistor can significantly increase the operating speed of a transistor, 
which is an important metric of a printed transistor. Besides, smaller features are preferred 
to achieve higher device density. However, resolution less than 10 m is not easy to achieve 
by printing techniques alone. Modification of the substrate is usually needed to increase 
the resolution.  
Besides, the materials registration is not precise enough to create a multi-layer device 
with satisfactory electrical performance, especially for printed transistors. As the device 
size shrinks, the requirement for alignment precision also increases. Both the limitations of 
the printing technique and substrate deformation impact the alignment precision. In inkjet 
printing, for example, the alignment precision is influenced not only by the mechanical 
alignment of the printhead to the target, but also by the deviation of the ink drop from the 
original path. These problems become more severe when the printing process is done on a 
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continuously moving web. And the deformation of plastic substrates makes the alignment 
issue more complicated. These problems must be addressed before roll-to-roll printing can 
really be used for large-scale production in electronics industry. Much effort is taken to 
improve printing resolution and to investigate reliable routes to assist layer to layer 
alignment.  
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Chapter 3 Self-aligned, Capillarity assisted Lithography 
for Electronics (SCALE) 
    This chapter depicts the background, design, process flow and existing challenges of a 
novel printing method termed SCALE. As has been discussed in preceding chapters, 
Printed electronics is an emerging area for large-scale manufacturing of electronic circuits 
at low cost. But future development of massive production of printed electronic devices is 
limited by resolution and registration accuracy of current printing techniques. SCALE, a 
novel printing method which combines inkjet printing and imprinting, was developed in 
our group to address these two concerns. Here, SCALE is short for Self-aligned, 
Capillarity-assisted Lithography for Electronics.   
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3.1 Background 
     To address the challenges with roll-to-roll printing, research has been going on to 
search for novel printing routes. This part presents a brief overview of the existing self-
aligned technologies and resolution improving methods of printing.  
3.1.1 Overview of self-aligned technologies 
     One strategy of self-aligned printing is taking advantage of the ink dewetting on a 
chemically modified surface. Sirringhaus group invented a self-aligned printing (SAP) 
process that is capable of defining submicron critical features using inkjet printing 90. Sub-
100-nm channel length between source and drain electrodes can be fabricated for a 
transistor. This process relies on a good control of the contact angle of the ink on the 
chemically modified feature and a short drying time. In another report on self-aligned 
printing techniques, a top-contact self-aligned carbon nanotube thin film transistor was 
printed with a sub-micron channel length (Figure 3.1). In this report, the semiconductor 
layer and one electrode were printed first, followed by a self-assembly monolayer. When 
the second electrode was deposited over the semiconductor layer, the dewetting of the ink 
left a sub-micron separation between the two electrodes, which were the source and drain 
electrodes 91.  
Another strategy of self-aligned printing utilizes a mechanical self-alignment 
mechanism to replace the optical alignment. Syms, et al. built a multilevel microcontact 
printing (CP) system 92. Figure shows the alignment process schematically. In this case, 
desired features and protrusions were pre-patterned on a PDMS stamp. Self-alignment 
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between layers was realized by mating the protrusions on the PDMS stamps onto 
corresponding grooves on the substrate. An average misalignment of 5 – 10 m was 
claimed between layers. Using backside photolithography is another promising route to 
achieve layer-to-layer alignment. This process involves printing a UV-blocking mask layer 
with the desired pattern on a UV-transparent substrate. Then a UV-sensitive material is 
coated on top of the mask layer and also over the rest area of the substrate.  After a UV-
exposure from the backside of the substrate, the property of part of the UV-sensitive layer 
that doesn’t have blocking layer underlying changes due to the UV illumination. The part 
of the UV-sensitive material right on top of the blocking layer remains unchanged. In the 
subsequent developing step, the unexposed part can either be washed off or remain on the 
substrate depends on the polarity of the UV-sensitive layer. So, a pattern can be created on 
the second layer and it is self-aligned to the bottom layer. Both the UV-blocking and the 
UV-sensitive layer can serve as functional layers in an electronic device or a dummy 
material to construct a groove. For example, Korvink et. al used a similar method to form 
electroplated thick-layered conductive features by inkjet printing a Ag-nanoparticle layer 
and then using the patterned seed layer as a shadow mask when back-exposing the negative 
photoresist layer on top of it 93. After developing the photoresist, unexposed part of the 
photoresist, which was the area overlay with the Ag pattern, was washed off. Then a thick 
Cu film grew on top of the Ag seed layer and within the trench formed by the photoresist. 
After stripping all the residual photo resist, a thick and patterned Ag-Cu film was obtained, 
which was used as micro-coils in magnetic resonance microscopy. A similar method was 
used to successfully fabricated Ag/Cu electrodes for a transistor 94. The electrodes were 
covered by a passivation layer, which was patterned by backside exposure, to reduce the 
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parasitic capacitance of the printed transistor. This backside photolithography method can 
also be used in the alignment of multiple layers in a transistor, which is much harder to 
achieve than fabricating a conductive layer. 
Although several techniques have been approved to achieve self-alignment, it is still a 
challenge to self-align all the layers of a multi-layer device. Besides, these techniques are 
not completely roll-to-roll compatible, making it hard to upscale the fabrication to mass 
production. Some steps still involve alignment of the printhead to a small existing feature. 
A rigid mask, which cannot be used in roll-to-roll printing, is needed in some cases to 
achieve required precision. More investigation is needed to develop a reliable roll-to-roll 
compatible fabrication method. 
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Figure 3.1 Process of self-aligned printing of CNT TFTs. (a) Printing the first Au electrode on pre-coated 
CNT network. (b) Medication of the surface by a self-assembly layer. (c) Printing the second Au electrode 
which is self-aligned to the first electrode due to contact line receding on the modified surface. (d) printing 
the dielectric layer. (e,f) the gap between two Au electrode. Adapted from 91  
 
Figure 3.2. Self-aligned μCP system. Adapted from 92 
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3.1.2 Overview of resolution improvement methods 
Patterning resolution, which is an important metric for semiconductor manufacturing, is 
critical for the both device performance and device density. Without the help of 
photolithography, however, resolution that can be achieved using printing techniques only 
is relatively low for producing electronic devices that requires high resolution patterning. 
In general, features less than 10 m are hard to print reproducibly. Besides, small gaps that 
are defined uniformly between two features are hard to print due to the scalloped or wavy 
edges.  
 
Figure 3.3 Array of source/drain electrodes with a separation of around 1 μm fabricated by 
electrohydrodynamic printing of photoresist layer, etching of the electrodes and removing the resist. Adapted 
from 63 
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    The resolution of printing highly depends on the specific printing method, ink properties 
and substrates 66. For example, researchers have been working on updating the printing 
apparatus in electrohydrodynamic printing to improve the printing resolution. Wang et.al. 
improved the printing resolution of an electrohydrodynamic printer by introducing a 
triboelectric nanogenerator to provide the driving signal for droplet generation 95. Rogers 
et. al also employed electrohydrodynamic printing and achieved sub-micron gap between 
two linear electrodes (shown in Figure 3.3) using microcapillary nozzles 63.   
Similar to self-aligned strategies, surface modification can facilitate printing small 
features by controlling the ink spreading and the final deposition. Sirringhaus and co-
workers utilized heterogeneous surfaces to exerted forces on printed droplets on the 
substrate 96. Small distance less than 100 nm between two electrodes was achieved by 
controlling the motion of the receding contact line. Soft lithography can also be used for 
increasing printing resolution. IBM demonstrated a high-resolution printing method which 
utilized soft lithography 97. A resist-forming ink was first coated onto a patterned elastomer 
stamp and then transfer printed onto a gold film. In the subsequent etching step, dried resist-
forming ink served as a mask to protect the gold below it and patterning of the gold layer 
was achieved. A resolution compared to optical lithography (~100 nm) was achieved using 
this method. Although the photolithography step is replaced by transfer printing, one 
drawback of this transfer printing method is that a subsequent etching step is still needed.  
Another method to improve the resolution is by introducing tracks of inks on substrates 
to guide ink flows. Schubert et.al patterned plastic substrates with grooves or microfluidic 
channels having widths ranging from 5 – 15 μm by hot embossing 98. Ag features were 
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printed by dispensing Ag inks and allowing inks to flow along the tracks. These tracks 
provided geometric confinement and realized printing features smaller than the size of 
droplets by inkjet printing. 
Despite these reports on reducing printed feature sizes, most of the existing strategy still 
requires alignment of the print head to a small feature.  Besides, finding a reliable method 
to achieve both small features and small and uniformly defined gaps at the same time still 
remains a challenge in printed electronics.  
3.2 SCALE 
As has been discussed in the previous part, surface modification by embossing the 
substrate with microfluidic channels is a promising route to get around the existing 
problems. In fact, miniaturized fluidic systems has been used as fluid handling system in 
biology area for a long time, and liquid flows in microfluidic channels has also been 
extensively investigated 99. Microfluidic system can help address the existing resolution 
and registration challenges with roll-to-roll printing. The idea and past experience of 
microfluidic system design and fabrication can be borrowed and employed in printed 
electronics.  
In this case, a novel inkjet-based printing method called self-aligned capillarity-assisted 
lithography for electronics (SCALE) has been developed 1. The SCALE process starts with 
imprinting a multi-level network of open receivers, capillaries, and device cavities in a UV 
curable coating on a flexible substrate. Imprinting and UV-curing techniques were used to 
develop the pre-patterned flexible substrates where a UV-curable resin was molded and 
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solidified on a piece of PET sheet. Subsequent materials deposition and layer-to-layer 
alignment is achieved by inkjetting electronic inks sequentially into the easy-to-hit 
reservoirs, followed by spontaneous capillary flow of the inks via open channels into 
cavities shaping discrete electronic components. In this thesis, a contact receiver is defined 
as a circular depression where inks are delivered in order to form an external contact pad 
for a device; a device receiver is a circular cavity in which the delivered ink dries and forms 
an active layer of a device. Drying and annealing steps are performed between printing of 
different inks to facilitate film formation. Employment of inkjet printing allows for precise 
deposition of a certain amount of ink. Since the open capillary channels are much thinner 
than the ink reservoirs, the SCALE process thus combines imprint lithography with inkjet 
printing to enhance printed resolution - linewidths of 1 μm are readily achievable - while 
simultaneously simplifying materials registration, as shown in Figure 3.4  
 
Figure 3.4 3D schematic plot showing the integration of the SCALE process to roll-to-roll processing 
 
An additional benefit of SCALE is that crisp, well-defined line edges characteristic of 
conventionally photopatterned materials are readily obtainable, which is not typical of 
inkjet printing 100-101. This feature to some extent reduces the negative influence on inkjet 
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printing resolution coming from ink spreading. What’s more, a self-aligned printing 
process is realized by putting complex topography onto the substrate, which lowers the 
requirement for ink delivery precision in position. In this way, SCALE can decrease the 
sizes of both the printed features and the gaps between them and realize self-alignment 
between layers at the same time. Another appeal of this technology lies in its compatibility 
with roll-to-roll printing. Every step of SCALE can be potentially integrated into a roll-to-
roll production line. The imprinting of pre-patterned substrate has already been realized on 
a roll-to-roll line with high fidelity 102. 
3.3 Process Flow of SCALE 
The fabrication process flow of SCALE consists of four steps, which is shown 
pictorially in Figure 3.5 . In the first step, the silicon master template was patterned using 
traditional photolithography. Then the pattern was replicated to flexible PDMS 
(Polydimethylsiloxane) stamps by soft lithography. In the third step, the pattern is 
transferred onto a plastic substrate by roll-to-roll imprinting, which can prepare large 
quantities of these imprinted substrate. In the last step, electronic inks were delivered into 
device cavities and receivers sequentially through inkjet printing. Deposition of a film was 
realized by additional annealing steps before the deposition of the next layer. In this way, 
several materials were deposited on top of one another to form multilayer devices. 
Experimental details and processing parameters are shown in experimental sections in 
Chapter 4 and 5. 
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Figure 3.5 Process flow of the SCALE strategy with a schematic illustration of each step shown in the figures 
in the upper row and the product of each step shown in the optical images in the bottom row. (a) Patterning 
of a silicon template by photolithography. (b) Pattern transfer from silicon template to a PDMS stamp by soft 
lithography. (c) Preparation of molded substrates in large quantities by roll-to-roll imprinting. (d) Ink jet 
printing of an array of devices.    
In the first step (Figure 3.5 (a)), photolithography was used to pattern the silicon master 
template to achieve precise alignment between different layers of the pattern and to create 
small features down to 2 m. After developing the photoresist, a plasma etcher was utilized 
to etch the exposed area of the silicon wafer to create indented or raised features. A deep 
trench etcher was used when a feature needed vertical walls. And a STS etcher was used if 
a feature required tapered walls.  Lines thinner than 2 m were patterned using E-beam 
lithography or focused ion beam (FIB).   
In the second step (Figure 3.5 (b)), a mixture of curing agent and Polydimethylsiloxane 
(PDMS) was casted onto the silicon wafer. After solidification by heating, the transparent 
PDMS stamp were peeled off from the silicon wafer, so the patterns were transferred to the 
PDMS stamp. PDMS is a silicone material which is commonly used in soft lithography. It 
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is flexible and transparent to UV light. So, it can be wrapped around an imprinting drum 
and allows UV light to go through to cure the underlying imprint resist.   
In the third step (Figure 3.5 (c)), imprinted substrate was prepared in a roll-to-roll 
manner to produce such substrates in large quantities. A detailed description of the roll-to-
roll imprinting process is included in Chapter 4 experimental section. A systematic study 
of the imprinting process has been conducted, showing that web tension, PDMS 
mechanical properties and feature dimensions need to be optimized to in order to replicate 
the pattern from the PDMS stamp to the substrate with high fidelity 102. 
In the fourth step (Figure 3.5 (d)), different inks were delivered sequentially into their 
designated receivers. Inks were dried and annealed before the next ink deposition. Inkjet 
printing was used as the printing method. After printing was completed, the device was 
measured electronically and analyzed using scanning electron microscopy (SEM) to 
characterize the film morphology. Then the original pattern and the printing process were 
further optimized according to the results until the desired electrical performance is 
achieved.  
To guarantee the reproducibility of the process and the device performance, several 
factors need to be considered in the design of a process flow including choice of ink 
materials, interaction between different layers, device architecture and compatibility with 
roll-to-roll process.  
The choice of ink materials is critical to achieve an excellent device performance. When 
the ink enters a capillary channel or flows along the lip of a device cavity, the flow distance 
highly depends on the surface tension, viscosity and solvent evaporation rate of the ink 103-
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105. Typically, lower surface tension, lower viscosity and less volatile solvent lead to a 
longer flow distance. A long enough flow distance of the conductive ink is essential to 
establish a connection network within a circuit especially for large-area applications. 
Besides, the inkjet printing process has placed certain requirements on the fluid properties 
of the ink to ensure a stable ink delivery 65. Besides, the thickness profile of the dried film 
within the receiver is related to the ink’s surface tension and viscosity, which can be 
adjusted by varying the concentration or adding additives.  
 
 
Figure 3.6 The contact angles of (a) Ag ink and (b) PEDOT:PSS ink on P3HT film 
Apart from the fluid properties, the electrical properties of the dried film also 
significantly influence the final device electrical performance. A precursor-based particle-
free Ag ink 106 was employed to print the electrodes because the ink can be converted into 
a conductive Ag film at around 90 C, which is compatible with plastic substrates. 
Conducting polymers such as Poly(3,4-ethylene dioxythiophene):poly(styrene sulfonate) 
(PEDOT:PSS) and poly(3-hexylthiophene) (P3HT) are also frequently used in SCALE 
because they exhibit good conductivity after annealed at around 100 C. Conducting 
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polymer inks are also preferred due to their inherent flexibility since we are targeting 
flexible circuits as the end product.  
    Both the designs of device structure and the process flow are critical in SCALE. When 
making a multilayer device, the bottom film may dissolve in the ink deposited on top of it, 
causing performance degradation or even short circuit. This can be avoided by carefully 
designing the deposition sequence or changing to similar materials. The design of the 
multilayer pattern on the substrate also needs to consider the flow distance of the ink and 
the morphology of the deposited film. The flow distance is determined not only by the ink 
properties, which has been discussed above, but also by the geometry of the capillary 
channel, the surface energy of the substrate and the ambient humidity. These parameters 
must be optimized and maintained during the fabrication process. For example, the contact 
angles of Ag ink and PEDOT:PSS ink are different on P3HT film. Ag ink is expected to 
have a longer flow distance than PEDOT:PSS ink due to its lower contact angle, which is 
displayed in Figure 3.6.  
Since the ultimate goal is to transfer the whole fabrication process to roll-to-roll printing, 
all the processing steps should be compatible with roll-to-roll processing. From this point 
of view, inks with more volatile solvents are preferred since they dry faster at a low 
temperature. This feature can shorten the processing time. Besides, processing in vacuum 
environment should be avoided.     
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3.4 Current Progress of SCALE 
In order to build a functional circuit, it is important to have the ability to manufacture 
each of the circuit components on the same platform by SCALE. Already, successful 
fabrication of discrete circuit elements including transistors, capacitors, and resistors on 
individual plastic sheets has been demonstrated by SCALE 1-3, 36, 103, 107. Both the pattern 
design and the process flow of each type of circuit elements are being optimized aiming at 
achieving better electrical performances and/or increasing device density by reducing 
footprint.  
3.4.1 Conductive lines 
Conductive layers are required for almost all the electronic devices. However, patterning 
high aspect ratio metal lines has always been a technical bottleneck in printing because ink 
tends to spread on the substrate. Besides, it is also hard to print extremely thin lines (<10 
m) and lines with small separations. SCALE got around these problems by using capillary 
channels where the conductive ink could be confined very well within the channel. 
Deposition of the conductive film only occurs along the walls and bottoms of the channels, 
resulting in conductive lines with crisp edges. Then, the trench can be further filled by 
copper in order to form a high aspect ratio metal line.  
To print conductive lines, a thin layer of particulate Ag film was deposited first inside 
the receivers and capillary channels (Figure 3.7 (b), (e) and (h)). The narrowest metal line 
that has been successfully deposited is as narrow as 500 nm 2, which can hardly be printed 
by other printing methods alone. A subsequent copper plating step was optional in order to 
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increase the conductance of the metal lines and to reduce the work function when necessary 
(Figure 3.7 (c), (f) and (i)) 103. The copper plating recipe was further optimized 102 to 
achieve better reproducibility. Conductive lines with high resolution, high aspect ratio 
(height:width ~ 5:1) and low resistance per length (around 0.46 /cm for a 10 m line) can 
be reproducibly printed using this method 102. 
 
 
Figure 3.7. Microscopic images of printed conductors by the SCALE strategy (a,b,c) top view optical images 
of (a) imprinted substrate, (b) printed Ag film, and (c) electroless-plated Cu film. (d,e,f) corresponding 
topview SEM images of (d) the substrate, (e) Ag film, and (f) Cu film. (g, h, i) corresponding cross-sectional 
SEM images of (g) the substrate, (h) Ag film, and (i) Cu film. Adapted from 102 
Besides straight conductive lines, metal interconnects with right angle turns can also be 
printed using this method, which is much simpler and more efficient than writing the 
connected thin lines one by one by traditional digital printing methods. Interdigitated 
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electrodes with small and precise spacings can be achieved 108, which is discussed later in 
the capacitor part. Curved capillary conductors has also been demonstrated, showing the 
potential of making printed spiral antennae. Research is going on in exploring the flow 
mechanism and influencing factors of flow distance in an open microfluidic channel 105. 
These investigations can help us optimize the printing conditions to increase the flow 
distance and have better control of conductive film deposition. 
3.4.2 Resistors 
Printed resistors are widely used for adjusting signal level, reducing current flow, 
dividing voltage and heating. Usually a printed resistor consists of two layers, one resistive 
layer and one conductive layer to realize external connections. In SCALE, a printed resistor 
employed a coplanar structure (Figure 3.8) with the two Ag electrodes and the resistive 
carbon black layer on the same plane 1. The measured resistance of this SCALE resistor is 
around 64 kΩ. A new design of resistor used PEDOT:PSS as the resistive material and 
incorporated two-tier junctions to achieve unidirectional liquid flow. Self-aligned resistors 
were printed with resistance over 100 kΩ 109. Overall, SCALE provides a reliable route to 
manufacture printed resistors in a roll-to-roll compatible way. But a printed resistors with 
a wide range of resistance have not been demonstrated in SCALE. 
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Figure 3.8 Schematic plot of the printing process of a resister by the SCALE strategy. Adapted from 1 
3.4.3 Capacitors 
Capacitor is another essential component of a circuit which can store electrical energy. 
Printed capacitors are frequently used in voltage multipliers, signal filters and temporary 
batteries 23, 45, 110. As has been discussed in the 3.4.1, interdigitated electrodes with small 
separations can be easily printed via the SCALE strategy. Utilizing ion-gel as the dielectric 
layer, a printed capacitor with interdigitated electrode was printed. Ion-gel is a gel 
electrolyte composed of an ionic liquid [EMIM]:[TFSI] and a copolymer. Electrical double 
layers formed at the interfaces of the ion-gel and both electrodes due to the existence of 
mobile ions within the gel, which allowed printed capacitors to use coplaner electrodes and 
simplified the printing process 19, 111. Graphene was chosen as the electrode material due 
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to its high conductivity, large specific surface area and good electrochemical stability 79, 
108, 112. Self-aligned capacitors were printed with a large specific capacitance (268 μF·cm–
2), excellent mechanical durability and high yield (100%).  
 
3.4.4 Transistors 
Transistors are the basis of logic circuits. Thin film transistors (TFTs), which are three-
terminal devices similar to metal-oxide-semiconductor field effect transistors (MOSFETs), 
can be fabricated by additive manufacturing methods. A thin film transistor has the 
semiconductor, dielectric, and electrode materials deposited additively as thin films on a 
variety of substrates such as glass or polyimide films 113. The basic device structure of thin 
film transistor is shown in Figure 3.9. The dielectric layer separates the semiconductor 
layer from the gate electrode. TFT utilizes a capacitively coupled gate dielectric layer to 
control the current through the semi-conductor layer 113. The voltage applied to the gate 
electrode controls the concentration of carriers and the current in the semiconductor layer. 
These carriers form an accumulation layer at the semiconductor/dielectric interface. When 
 
Figure 3.9. Device structure of a bottom contact, top gate thin film transistor 
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a bias is also applied on the drain electrode, a current driven by the corresponding electric 
field will flow across the accumulation layer turning the device on. As the gate bias 
increases, the current will also increase due to the elevated carrier concentration. 
There are three main parameters to evaluate TFTs’ performance, mobility, ON/OFF ratio 
and threshold voltage. Mobility is a measure of how fast carriers can move within the 
semiconductor thin film under an applied electric field; The ON/OFF ratio denotes the 
ability of switching the current, and a large ON-OFF ratio is desirable for fabricating 
integrated circuits. The threshold voltage, VT, physically represents the transition between 
ON/OFF regimes. The importance of these parameters is evident through the use of TFTs 
in LCD displays. The switching of the pixel requires quick charging and discharging 
processes. The charges need to be held on the pixel until next signal arrives.  Therefore, 
the requirements for a TFT switch in LCD are as follows, on/off ratio > 106, and mobility 
of at least 1 cm2/V∙s. 114. 
Transistors are the basis of modern logic circuits and are frequently used to amplify or 
switch electronic signals. However, high-performance transistors are harder to achieve 
using printing methods than other device because fabricating transistors have higher 
requirements for materials registration and film quality. The quality of the printed films, 
especially the semiconductor layer, has a significant influence on the device performance. 
Formulating a high-performance semiconducting ink is essential for printing functional 
transistors. Besides, it has been reported that the operating frequency of printed transistors 
is limited by the parasitic capacitance, which is the capacitance between the gate and drain 
115. The switching speed can be increased by minimizing the size of the drain electrode or 
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by improving the layer-to-layer alignment to reduce the overlap between the gate and the 
drain electrode. As has been discussed above, SCALE strategy is capable of patterning sub-
micron electrodes using inkjet printing and improving materials registration by self-
alignment. It is promising to improve the operating speed of fully printed transistors via 
the SCALE strategy.  
Several designs of transistors printed via the SCALE strategy has been reported 1-3, 36. 
The first reported transistor design (Figure 3.10 (a)) utilized a side-gated device structure 
with ion-gel as the dielectric layer and P3HT (poly(3-hexylthiophene)) as the 
semiconductor. 1 The fully-printed transistor achieved a mobility of 0.8 cm2·V-1s-1. 
However, the long gate distance retards ion transport in the ion-gel layer and slows down 
the switching of the transistor 116. So, the transistor design based on a side-gated structure 
was further improved by shrinking the width of the source and drain electrodes down to 
less than 1 μm and reducing the distance between the gate and the semiconductor channel 
down to less than 5 μm in a subsequent report 2. This improved side-gated transistor design 
is shown in (Figure 3.10 (b)). To further reduce the spatial separation between the gate 
electrode and semiconductor, top-gate thin film transistors were designed and printed using 
the SCALE method, shown in Figure 3.10 (c) 3. The change from side-gate to top-gate in 
design significantly decreased hysteresis and sweep rate dependence from 50 to 500 
mV·s−1. Other than P3HT, carbon nanotube has also been employed as the semiconductor 
material in fabrication of printed transistors in SCALE 36. All the processing steps in 
transistor fabrication are compatible with roll-to-roll printing. These successful 
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demonstrations of fully-printed thin film transistors by SCALE show the promising future 
of mass-production of printed transistors.  
3.5 Existing challenges with SCALE 
The first challenge with SCALE is to demonstrate resistors with resistances over many 
orders of magnitude without changing its overall footprint. Previously, it has been shown 
that SCALE can be used to make a variety of discrete electronic components, but it has 
never been shown that SCALE can produce resistors with a wide range of resistances using 
roll-to-roll methods. Key to this effort is the choice of printable resistive materials and the 
manipulation of the conductivity over a large range.  
The second challenge with SCALE is to stack layers on top of one another without 
undesirable electrical shorts. A vertically stacked structure is preferred sometimes due to 
the larger contact area between layers, which leads to larger currents or capacitance than a 
horizontal, coplanar structure. The challenging part of making SCALE devices in a 
vertically stacked structure via the SCALE process lies in preventing shorts. This is 
because in such structures the middle layers are thin and can have pinholes, causing 
 
Figure 3.10 Comparison of several transistor designs based on the SCALE strategy. (a) The first side-
gated transistor design reported in 1. (b) The second side-gated transistor design with narrow gate-to-
channel distance reported in 2. (c) a top-gated transistor design reported in 3 
(a) (b) (c)
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undesirable contact between the top and bottom layers. An additional complication that can 
lead to shorting is uncontrolled spreading of ink into channels or cavities that have already 
received ink or that are intended to be devoid of ink. 
The third challenge with SCALE is to improve the electrical performance of the self-
aligned transistors. The plastic substrates cannot withstand a temperature higher than 120 
⁰C, which limits the usage of some high mobility semiconductors that require high 
temperature processing. So, finding a high-performance semiconductor ink that can be 
processed at a low temperature is one bottle neck of producing transistors. Besides, the 
performance of top-gated transistor is limited by the dewetting of the ink for the top 
electrode on the dielectric layer.  
    The last challenge is to transfer the SCALE process from bench-top experiments to large 
scale manufacturing. Successful production of imprinted plastic substrates in large 
quantities has been successfully demonstrated 102. The next step is to integrate digital 
printheads into the roll-to-roll line. Aligning the printheads to the receivers on a moving 
web is another technical challenge. A digital alignment system with the help of image 
recognition can be employed to drive the movement of the web and the printheads.  
    These challenges limit the ability of SCALE to produce a fully-printed circuit, which 
contains a variety of basic building blocks and connections between devices. Further 
investigation is needed to tackle these limitations, which requires new designs of material 
systems, device patterns and process flows.  
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Chapter 4  
Self-Aligned Inkjet Printing of Resistors and Low-Pass 
RC Filters on Roll-to-Roll Imprinted Plastics  
4.1 Introduction 
Chapter 3 shows that successful fabrication of discrete circuit elements including 
transistors, capacitors, and resistors on individual plastic sheets has been demonstrated by 
SCALE 1-3, 36, 103, 107. However, the use of SCALE and roll-to-roll processing to create 
resistors with  resistances over many orders of magnitude has not been demonstrated. As 
resistors are ubiquitous electronic building blocks, this is a crucial challenge for the 
 
An adapted version of this chapter is published as  
Cao, M., Jochem, K., Hyun, W. J., Francis, L. F., & Frisbie, C. D. (2018). Self-aligned inkjet printing of 
resistors and low-pass resistor–capacitor filters on roll-to-roll imprinted plastics with resistances ranging 
from 10 to 106 Ω. Flexible and Printed Electronics, 3(4), 045003. 
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ultimate goal of roll-to-roll printing of complete circuits. Indeed, printed resistors have 
been realized utilizing screen printing 77, 117-119, stencil printing 120, aerosol jet printing 73  
and inkjet printing 100, 121-123, but these fabrication procedures were not completely 
compatible with self-alignment and/or roll-to-roll processing. Thus, in this paper we focus 
on demonstrating SCALE-based, roll-to-roll approaches to creating resistors with 
resistances spanning many orders of magnitude.  
Key to this effort is the choice of printable resistive materials. Poly(3,4-ethylene 
dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS), which has been widely used as 
both a conductive and a resistive material in printed electronics, is an ideal material due to 
its adjustable resistivity and good printability. It has been reported that the resistivity of 
PEDOT:PSS films deposited from the commercial PH1000 ink (Heraeus) can be decreased 
by adding a small amount of  high boiling point solvents such as dimethyl sulfoxide 
(DMSO) and ethylene glycol (EG) 124-125. Jung, et al. reported inkjet-printed resistors using 
PEDOT:PSS PH1000 inks 100. They modified the film resistivity by varying the 
concentration of DMSO added into the solution. Also, Ali et al. increased the resistivity of 
PEDOT:PSS films from 48 to 210 mΩ·cm by blending poly(methyl 
methacrylate)(PMMA) into  PH1000 PEDOT:PSS ink 101. Though not explored here, 
carbon based inks can also be used to print the resistive layer. Chang, et al. blended high 
(Dupont 5036) and low (Dupont 7082) resistivity carbon materials and achieved a 
resistance range from 3.3 kΩ/□ to 800 kΩ/□ using screen printing 118.  
In order to make resistors having  resistance ranging over orders of magnitude, but with 
the same spatial footprint, which is important for circuit layout considerations, this chapter 
introduces a two-pronged strategy in which the distance between printed electrodes was 
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changed in concert with alterations of the PEDOT:PSS ink formulation to adjust resistivity, 
as just described. Resistors on plastic substrates were achieved with resistances varying 
from 10-106 Ω. The resistors were robust to bending strains of up to 1% and to thousands 
of repeated electrical measurements. To test dynamic performance, low-pass RC (resistor-
capacitor) filters were printed. The fabrication of RC filters by inkjet printing was first 
reported  by Varahramyan and colleagues 110, 126-127. Then, Castro, et al. demonstrated all-
inkjet-printed low-pass filters with  cutoff frequency from 82 Hz to 740 Hz by applying 
printed organic thin-film transistors 128. Here, fully printed low-pass RC filters are 
demonstrated with cutoff frequencies over three orders of magnitude by varying the 
resistance. Collectively, the results demonstrate that the SCALE process has excellent 
potential for self-aligned printing of resistors and RC filters  necessary for building more 
advanced electronic systems on flexible substrates.  
4.2 Experimental Section 
4.2.1 Silicon master template fabrication 
The silicon master template was fabricated by two rounds of traditional 
photolithography. (a) Patterning the recessed receivers and channels for electrodes: A 4-in 
silicon wafer was heated at 115 ºC for 1 min to remove the water molecules on the top 
surface. Then the wafer was treated in a hexamethyldisilazane (HMDS) atmosphere for 4 
min. A layer of photoresist (Microposit S1813, Dow) was spin-coated onto the silicon 
wafer at 3000 rpm for 30 s. The wafer was soft-baked at 115 ºC for 1 min and then exposed 
to UV light for 5 s under a photomask designed for the electrodes. The wafer was developed 
in a mixture of Microposit 351 (Dow) and deionized water (1:5 v/v) for 30 s. The exposed 
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area of the wafer was dry etched down to a depth of 7 μm in a deep trench etcher (SLR 
770). The photoresist was then washed off by acetone and the wafer was immersed in 
Piranha solution (H2SO4 and H2O2, 1:1) for 20 min at 120 ºC to clean the residual 
photoresist. (b) Patterning the raised ink receivers: SU-8 2010 photoresist (MicroChem) 
was spin-coated onto the same silicon wafer at 500 rpm for 5 s and then at 2000 rpm for 
30 s, followed by baking at 65 ºC for 3 min and 95 ºC for 7 min. The photoresist was then 
exposed to UV light for 24 s through the photomask designed for the raised walls. The 
exposed wafer was heated at 65 ºC for 1 min and 95 ºC for 7 min. The wafer was immersed 
in 1-methoxy-2-propanyl acetate for 5 min to develop the photoresist and then rinsed with 
isopropyl alcohol. Lastly, the wafer was baked at 180 ºC for 10 min. 
4.2.2 PDMS stamp fabrication  
The silicon master template was first silane-treated in a vacuum chamber overnight with 
trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Aldrich). A curing agent and PDMS 
 
Figure 4.1. Schematic illustration of roll-to-roll imprinting of receivers, capillary channels, and device 
cavities for the SCALE process. The imprint material (green) is a cross-linkable liquid that is cured by 
UV illumination while the web is in contact with the PDMS stamp roll, as shown.  
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monomer (Sylgard 184, Dow Corning) were mixed in a weight ratio of 1:10 and then 
poured onto the silicon master template. The PDMS was first cured at 70 ºC for 2 h in an 
oven. Then the PDMS stamp was peeled off from the silicon wafer, followed by heating at 
120 ºC for 2 h and at 215 ºC for another 2 h to enhance the mechanical durability.   
4.2.3 Roll to roll imprinting of the flexible substrates 
The imprinting of the flexible substrates was performed on a roll-to-roll machine (Carpe 
Diem Technologies). The PDMS stamps were glued to a piece of silicone coated PET sheet 
and cured at 45 ºC for 1 day. The PET sheet with the PDMS stamps on it was then wrapped 
around the imprinting drum and clamped in place. A pre-cleaned PET web, which was used 
as the flexible substrate, was coated with a liquid layer of UV-curable imprint resist 
(Norland Optical Adhesive 73, Norland Products) to a thickness of 25 μm by reverse 
gravure coating. The web then passed at 10 cm/min and 18 N web tension to the imprint 
drum where the PDMS molds were pressed into the NOA layer. A high intensity UV light 
cured the resist coating while it was still in contact with the stamp. The web with the 
imprinted layer was then delaminated from the PDMS stamp roll and spooled up.  
4.2.4 Ink preparation 
The resistive inks were prepared following the compositions listed in Table 4.1. Two 
types of PEDOT:PSS inks (Clevios PH1000 and Clevios AI4083) were purchased from 
Heraeus. Ethylene glycol was purchased from Sigma Aldrich. Isopropyl alcohol (10 vol%) 
was added to reduce the surface tension. The inks were sonicated for 15 min and filtered 
through a 5 μm pore filter before each use. The ion-gel ink was prepared by mixing an 
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ionic liquid (1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide, 
[EMIM][TFSI]), a triblock copolymer (poly (styrene-b-ethyl acrylate-b-styrene), SEAS) 
and n-butyl acetate to a weight ratio of 8:2:90.  
4.2.5 Device fabrication 
For printing the resistor, a reactive silver ink 106 was delivered into the ink receivers by 
inkjet printing followed by a 3-min annealing process at 100 ºC in air to generate the two 
electrodes. Then the PEDOT:PSS ink was also inkjet-printed into the round ink receiver in 
the center of the device to cover the gap between the two electrodes followed by drying at 
100 ºC in air for 10 min, resulting in a 1-μm thick PEDOT:PSS film. For printing the RC 
filter, the interdigitated electrodes and the connection wires were also printed from the 
reactive silver ink. Then the PEDOT:PSS ink and the ion-gel ink were delivered 
respectively into their raised receivers and were annealed at 100 ºC for 10 min in air 
together. A piezoelectric nozzle (Microfab) with an orifice of 80 μm was used for the inkjet 
printing. A unipolar waveform was applied during the jetting with a rise time of 5 μs, a 
dwell time of 20 μs, a down time of 5 μs, a driving voltage of 120 V and a frequency of 
1000 Hz. 8 nL of the silver ink (20 drops) was delivered into each of the ink receiver and 
27 nL of the PEDOT:PSS ink (70 drops) was delivered into the corresponding ink receiver.  
4.2.6 Characterization  
The optical images of the devices were taken by an optical microscope (Keyence). Film 
thickness profiles were measured by a Tencor P-7 profilometer. The surface tensions were 
measured by a pendant drop shape analyzer (Kruss). The resistivities of the PEDOT:PSS 
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films were measured via the Van der Pauw method on spin-coated PEDOT:PSS films on 
square glass slides. To calculate the resistance, current-voltage curves were measured 
under a N2 atmosphere using two source meters (Keithley 236 and 237). For the electrical 
characterization of the RC filter, the input signals were generated by a waveform generator 
(Agilent 33512B). The output voltages were acquired with a digital oscilloscope (Tektronix 
TDS3014C). The capacitance of the printed ion-gel capacitor was measured by an 
impedance analyzer (HP4192A LF).    
4.3 Roll-to-roll Imprinting and Printing Resistors 
Figure 4.1 illustrates the roll-to-roll process to prepare the  imprinted substrates for 
resistors. Prior to the roll-to-roll imprinting process, a silicon master template (Figure 4.3 
a) was prepared by traditional photolithography methods, and the patterns were transferred 
 
Figure 4.2. Top-view (left) and cross-sectional (middle) illustrations and optical images (right) for the 
fabrication of a resistor via the SCALE process. The cross-sectional illustrations show the topographic 
profile along the red dashed lines in the top-view illustrations. (a) When the silver ink is delivered to the 
receivers by inkjet printing, the ink is patterned into the channels by capillary action and forms electrodes 
after thermal annealing. (b) PEDOT:PSS ink is delivered to the center ink receiver to form a resistive 
layer between the electrodes.  
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to PDMS stamps (Figure 4.3 (b, c)). The PDMS stamps were secured around an imprinting 
drum in the roll-to-roll machine. When the PET web, which was pre-coated with a layer of 
UV curable imprint resist, passed through the imprinting drum at a speed of 10 cm/min, 
the PDMS stamps were pressed into the imprint coating to create the capillary channels 
and connected receivers. At the same time, the imprint layer was cured by a high intensity 
UV light. The imprinted web was peeled off from the PDMS stamps and collected by a 
rewind drum. The channels (20 μm wide and 7 μm deep), receivers (500 μm in diameter 
and 7 μm deep) and ink receivers (500 μm in diameter and 10 μm above the plane) were 
successfully replicated onto flexible substrates from the silicon master template, which is 
shown by the tilted scanning electron microscopy (SEM) image in Figure 4.1. Compared 
with our previous SCALE resistor design 1, this new design reduced the device area from 
2.8 mm2 to 1.0 mm2. Further reductions should be possible in future designs with smaller 
receivers.  
 
Figure 4.3. Schematic illustration for preparation of PDMS stamps. (a) Silicon master template prepared by 
photolithography. (b) Pouring PDMS onto the silicon template. (c) Peeling off the PDMS stamp after thermal 
curing. 
Figure 4.2 shows the printing steps of a resistor on the imprinted substrate.  To generate 
electrodes (Figure 4.2 (a)), a particle free silver ink 106 was delivered into the two ink 
receivers on both sides by inkjet printing. The silver ink wicked into the capillary channels, 
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and then formed conductive silver films in the channels connected to the receivers upon 
annealing. Compared with directly writing the electrodes by conventional inkjet printing, 
the SCALE process (1) increased resolution by preventing lateral spreading of the silver 
ink, (2) provided straight electrodes with highly smooth edges, and (3) simplified 
registration of the two electrodes with respect to each other, i.e., precise nozzle alignment 
was not required to produce the two electrodes with the desired spacing and co-linear 
alignment. To deposit the resistor layer and complete the device, PEDOT:PSS ink was 
delivered into the center ink receiver, bridging the two electrodes (Figure 4.2 (b)). 
4.4 Variation of the Resistance 
To manipulate the total electrical resistance (R) of the device, the resistive film was 
deposited using a mixture of two types of PEDOT:PSS solutions (purchased from Heraeus) 
with different intrinsic resistivities: PH1000 (resistivity: 1.3 Ω·cm) and AI4083 (resistivity: 
8800 Ω·cm). Figure 4.4 a shows the PEDOT:PSS film resistivity measured in Van der 
 
Figure 4.4. (a) Resistivity of PEDOT:PSS films printed from a mixture of PH1000 and AI4083 for 
different mixing ratios. Error bars represent one standard deviation. (b) Resistivity of PEDOT:PSS films 
versus the weight fraction of ethylene glycol in the PH1000 ink. Note that the error bars (one standard 
deviation) are not visible in this panel as they are smaller than the data points. 
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Pauw geometry as a function of the mixing ratio of the two inks. The film resistivity 
increases with the concentration of AI4083 and can be controlled in a wide range from 1 
to 300 Ω·cm by the mixing ratio. Moreover, the resistivity can be further adjusted by the 
addition of ethylene glycol (EG) into the PH1000 solution. It is proposed in the literature 
that the addition of ethylene glycol induces a conformational change of the PEDOT chains 
from coiled to linear or to an expanded-coil conformation 125, 129. This change leads to 
enhanced charge carrier transport within the PEDOT:PSS film and results in a lower 
resistivity. As shown in Figure 4.4 (b), the resistivity of the PEDOT:PSS film printed from 
the PH1000 ink decreases from 1 to 0.008 Ω·cm with the addition of only 2 wt% of 
ethylene glycol. Therefore, the resistivity of the printed PEDOT:PSS film can be changed 
over five orders of magnitude by simply modifying the ink formulation.  
Table 4.1 Composition of PEDOT:PSS ink formulations 
Ink # PH1000 (wt%) AI4083 (wt%) Ethylene glycol (wt%) 
Ink 1 25 75 0 
Ink 2 50 50 0 
Ink 3 75 25 0 
Ink 4 100 0 0 
Ink 5 99 0 1 
Ink 6 98 0 2 
All inks were modified with 10 vol% isopropyl alcohol. 
In addition to controlling the electrical resistivity, another way to manipulate the device 
resistance is controlling the distance between the two electrodes. For facile control of the 
resistance with the electrode separation L (Figure 4.5 (a)), the film uniformity is important 
because a linear relationship between the resistance and the electrode separation can be 
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expected when the film thickness is uniform in the center ink receiver. However, the 
resistive layer printed using the as-received PEDOT:PSS solution shows significant 
thickness variation, as evident in the profile (Figure 4.5 (b)). To improve the thickness 
uniformity, isopropyl alcohol (IPA) was added to the PEDOT:PSS solutions to reduce the 
surface tension of the inks. As previously reported, Xing, et.al. suggested that the addition 
of IPA into the PEDOT:PSS inks led to a film with a flatter top surface in a confined groove 
due to a reduction in the ink surface tension 48. The surface tension of PH1000 was 
measured without and with IPA, as shown in Figure 4.5 (c). The surface tension of the ink 
decreases with the IPA content because IPA has a much lower intrinsic surface tension (23 
mN/m) than the aqueous PH1000 ink (68.5 mN/m). As a result, the PEDOT:PSS film 
 
Figure 4.5 (a) Sketch defining the electrode separation L. (b) Thickness profile of the PEDOT:PSS film 
(in the ink receiver) printed using (b) as-received PH1000 and (d) a mixture of PH1000 and isopropanol 
(9:1 vol/vol). The profiles were taken along the red dashed lines shown in the inset optical images. (c) 
Surface tension of PH1000 inks blended with isopropyl alcohol and resistivity of PEDOT:PSS films 
printed using these inks. 
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exhibits significantly improved thickness uniformity after the addition of IPA to the ink 
(Figure 4.5 (d)) while the film resistivity remains almost unchanged (Figure 4.5 (c)).     
The relationship between the resistance and the electrode separation (L) was explored 
for various resistance ranges by employing different PEDOT:PSS ink formulations (Table 
1) modified with IPA (10 vol% in the inks). Figures 4.6 (a-f) display the plots of the 
resistance as a function of L for devices fabricated with different inks. Each data point 
represents the average and the standard deviation for 20 devices, and 600 devices in total 
were fabricated with a yield of 100%. The standard deviations of resistance were all less 
than 15% and could be further reduced upon optimization of the printing precision to 
achieve better thickness control of the PEDOT:PSS film. The results demonstrate that the 
resistance increases linearly with the electrode separation and the linear relationship holds 
well for all the resistance ranges with R2 higher than 0.9. Typical current-voltage curves of 
printed resistors covering all the resistance ranges indicate good linear response (Figure 
4.7). We found that the resistors could withstand a maximum current of 5 mA. Finally, a 
resistance range over five orders of magnitude from 57 Ω to 1.3 MΩ was achieved with 
good repeatability.  
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Figure 4.6. (a)-(f) Resistance as a function of L for resistors printed with different ink formulations (see Table 
1). The red dashed line shows the linear fit of the five data points in each figure. 
 
 
Figure 4.7. Current-voltage characteristics of a printed resistor of (a) 1.3 MΩ, (b) 204 kΩ, (c) 22 kΩ, (d) 4.5 
kΩ, (e) 916 Ω, and (f) 57Ω.  
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4.5 Device Stability 
To investigate the mechanical flexibility of the printed resistors (Figure 4.8 (a)), a 
bending test (Figure 4.8 (b)) was performed with a bending radius of 1 cm (tensile strain 
of about 0.8%). The device resistance was monitored during the bending test and did not 
exhibit a significant change over 5000 bending cycles, as shown in Figure 4.8 (c), revealing 
excellent tolerance to bending. Moreover, the operational stability was examined by 
acquiring standard current-voltage curves of the resistors repeatedly. The resistance values 
are plotted against the number of measurements in Figure 4.8 (d). Typical resistors retained 
over 96% of their original resistance after 1000 measurements, showing good long-term 
operational stability.  
4.6 Low-Pass RC Filters   
To examine dynamic behavior, low-pass RC filters employing the printed resistors 
(Figure 4.9 (a)) were demonstrated. The capacitor of the RC filter was also fabricated via 
the SCALE process using a previously reported procedure 107. The underlying silver 
electrodes are in a co-planar interdigitated structure with six digits in total. A gel electrolyte 
composed of an ionic liquid [EMIM]:[TFSI] and a copolymer (see experimental), was 
employed as the dielectric material due to its high specific capacitance, excellent 
printability at room temperature, and good mechanical integrity 19, 111. The capacitance of 
an individual printed capacitor is shown as a function of frequency in Figure 4.10. The 
maximum operating voltage is approximately 3V. Figure 4.9 (b) shows an optical image 
of a completed RC filter. 
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Figure 4.8 (a) Photograph of a 20 × 5 array of printed resistors on a PET substrate. (b) A schematic 
drawing of the bending test along the length of the resistors with a bending radius of 1 cm. (c) The 
resistance changes with bending cycles for the printed resistors. The averages and the standard deviations 
show the results collected from 5 devices. (d) The resistance changes with the number of repeated IV 
measurements of one device. 
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Figure 4.9 (a) Equivalent circuit of the printed low-pass RC filters. (b) Optical image of a completed RC 
filter with a PEDOT:PSS resistor and an ion-gel capacitor. Transient response of a RC filter with a resistor 
of 90 kΩ under a square wave input at frequencies of (c) 10 Hz, (d) 1 kHz, (e) 5 kHz, (f) 1 MHz, and (g) 1 
kHz after 12 hours of continuous operation. (h) Frequency response of printed low-pass RC filters with 
resistors of 0.8 MΩ, 90 kΩ and 12 kΩ. 
  
The transient response of the RC filter was measured by applying a square wave input 
signal and collecting the output signal using a digital oscilloscope. Figures 4.9 (c-f) show 
the transient responses of the RC filter consisting of a 90 kΩ resistor and a 0.45 nF capacitor 
at different frequencies. For an ideal low-pass RC filter, the output voltage within the time 
domain can be predicted by 
𝑉𝑜𝑢𝑡 = 𝑉𝑖𝑛 (1 − 𝑒
−
𝑡
𝑅𝐶)                              (1) 
where Vin, R, C, and t are the input voltage, resistance, capacitance, and time, 
respectively130. RC is the time constant, which is 40.5 μs in this case. When the RC constant 
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is much smaller than the period of the input signal, that is, at a low frequency (f = 10 Hz, 
Figure 4.9 (c), the waveform of the output signal matches the input signal very well and 
𝑉𝑜𝑢𝑡 ≈ 𝑉𝑖𝑛. The output signal follows the input signal well up to 1 kHz (Figure 4.9 (d)). At 
5 kHz, the period of the input signal is small enough to be comparable to the RC constant, 
so the amplitude of the output voltage starts to diminish (Figure 4.9 (e)). When the 
frequency is further increased, the amplitude of the output voltage drops significantly until 
no output waveform is observed at 1 MHz (Figure 4.9 (f)). The results show that the 
dependence of the transient responses on the input frequency is in good agreement with the 
theoretical prediction, indicating that printed low-pass RC filters via the SCALE process 
are fully functional and rationally designed. In addition, an operational stability test was 
performed on the RC filter. As shown in Figure 4.9 (g), the transient response of the device 
shows negligible change after 12 h of continuous operation at a frequency of 1 kHz under 
inert atmosphere, indicating good long-term operational stability. 
To demonstrate the tunability of the cutoff frequency, low-pass RC filters were 
fabricated using resistors with different resistances (12, 90, 800 kΩ), as shown in Figure 
4.9 (h). A low-pass RC filter allows signals with frequencies below the cutoff frequency to 
pass through with little to no attenuation, while suppressing or blocking the ones with 
higher frequencies. The cut-off frequency is defined as 
𝑓𝑐 =
1
2𝜋𝑅𝐶
                                         (2) 
at which the amplitude of the output voltage is reduced to 𝑉𝑜𝑢𝑡 = 𝑉𝑖𝑛/√2  
130. The 
theoretical cutoff frequencies are compared with the experimental cutoff frequencies 
estimated from the frequency response curves (Figure 4.9 (h)), as summarized in Table 4.2 
The results show that the measured cutoff frequencies agree well with the calculated cutoff 
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frequencies, demonstrating that varying the resistance is a reliable way to tailor the cutoff 
frequency of the printed low-pass RC filter.  The cutoff frequency can be adjusted over two  
orders of magnitude from 400 Hz to 27 kHz simply by changing the resistance. 
 
Figure 4.10 Plot of the capacitance of an individual printed capacitor as a function of frequency 
 
Table 4.2 Experimentally estimated and theoretically calculated cut-off frequencies of the printed RC filters 
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12 kΩ 5.00 × 10-10 F 26.8 kHz 26.5 kHz 
90 kΩ 4.54 × 10-10 F 4.3 kHz 3.9 kHz 
0.8 MΩ 4.59 × 10-10 F 477 Hz 434 Hz 
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4.7 Conclusion 
In this work, we demonstrated self-aligned inkjet printed resistors on roll-to-roll 
imprinted flexible substrates with resistances ranging over five orders of magnitude. 
Changes in resistance within one order of magnitude were achieved by varying the 
separation of the two electrodes, while larger changes were made by blending the 
PEDOT:PSS PH1000 ink with ethylene glycol or PEDOT:PSS AI4083 ink. A linear 
relationship was observed between the resistance and the electrode separation, indicating 
precise control of the resistance. The printed flexible resistors exhibited high mechanical 
durability and outstanding operational stability. Inkjet-printed low pass RC filters with 
predictable and stable dynamic performance were also successfully fabricated using the 
SCALE process. The cut-off frequency was varied over two orders of magnitude by simply 
changing the resistance of the resistor. The SCALE method appears to be a promising way 
to facilitate the fabrication of flexible resistors by roll-to-roll processing. Future work will 
focus on shrinking the size of the receivers to further reduce the footprint and integrating 
the resistors into flexible circuits. 
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Chapter 5  
Inkjet-Printed, Self-Aligned Organic Schottky Diodes on 
Imprinted Plastic Substrates 
5.1 Introduction 
Previous chapters have shown that a variety of printed circuit elements fabricated via the 
SCALE strategy have been reported to have good electrical performance. However, a 
multilayer device with a stacked structure such as a diode has been hard to achieve using 
the SCALE process.  
Diodes are ubiquitous elements in electronic circuits that can be used in a vast range of 
applications, including radio frequency identification (RFID) tags 52, energy harvesting 
devices 131 and wireless communication 132. Organic Schottky diodes based on polymer 
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semiconductors have attracted considerable attention in the printed electronics field due to 
the relatively simple device structure compared to a PN junction diode 133-136. A typical 
printed organic Schottky diode consists of a semiconductor thin film sandwiched between 
two electrode layers forming one ohmic contact and one Schottky contact depending on 
the work function of the electrodes. A diode conducts appreciable current only in one 
direction due to the existence of the asymmetric energy barrier at the Schottky contact. 
Printing is regarded as a very promising way to make diodes in large quantities, 137 and 
several reports have appeared on printed diodes 23, 131, 135, 138-142. However, fully printed 
diodes in a roll-to-roll compatible process are much less frequently reported 51, 54, 135. 
Finding a reliable process to fabricate fully printed diodes in large quantities still remains 
a challenge. 
A vertically stacked structure is preferred for printed diodes due to the larger contact 
area between the metals and the semiconductor, which leads to larger forward-bias currents 
than a horizontal, coplanar structure. The challenging part of making printed diodes in a 
vertically stacked structure via the SCALE process lies in preventing a short between the 
top and bottom electrodes. This is because in such structures the semiconductor layers are 
thin and can have pinholes. An additional complication that can lead to shorting is 
uncontrolled spreading of ink into channels or cavities that have already received ink or 
that are intended to be devoid of ink, as will be clarified below.  
This chapter discusses a roll-to-roll compatible printing method to fabricate self-aligned, 
fully printed diodes on plastic substrates using SCALE. The diode is based on a 
Ag/P3HT/PEDOT vertical stack. An Ag thin film serves as the bottom electrode, forming 
a Schottky contact with the P3HT (poly(3-hexylthiophene)) semiconducting layer on top 
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of it. PEDOT:PSS (poly(3,4-ethylenedioxythiophene) polystyrene sulfonate) is chosen as 
the top electrode material since it forms an ohmic contact with the P3HT layer. The 
capillary network design of the diode includes several flow control structures to achieve 
precise ink flow, which is a key point to avoid electrical shorts and to improve device 
performance. Employing this new strategy, we have achieved fully printed diodes on 
polyethylene terephthalate (PET) with rectification ratios up to 5×104. The results of 
bending tests indicate excellent mechanical durability of the printed diodes. Overall, it 
appears promising to scale-up the whole fabrication process to roll-to-roll printing in order 
to facilitate low-cost, large scale manufacturing of printed diodes. 
5.2 Experimental Section 
5.2.1 Silicon master template  
The silicon master template was prepared by three cycles of photolithography and dry 
etching on a 4-in silicon wafer (Figure 5.1). (1) In the first patterning cycle, the receiver 
pattern shared by the semiconductor layer and the top electrode was created on the silicon 
wafer. A silicon wafer was dried at > 100 ⁰C on a hot plate and then immersed in a 
hexamethyldisilazane (HMDS) atmosphere. A layer of positive photoresist (Microposit 
S1813) was deposited onto the wafer by spin-coating at 2000 rpm for 30 s followed by 
soft-baking at 115 ⁰C for 1 min. The wafer was then exposed to ultraviolet light for 6 s in 
a photo aligner under a photomask and immersed in a diluted solution of developer 
(Microposit 351 (Dow):H2O = 1:5 by volume) for 40 s to remove the photoresist in the 
exposed area. A plasma etcher (STS) was used to etch the exposed area down to a depth of 
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4 μm. The wafer was then washed by acetone, methanol, and isopropyl alcohol in sequence 
to strip off the photoresist. (2) The second patterning cycle created the ink receiver and the 
capillary channel for the bottom Ag electrode. The silicon wafer from the last step was 
heated at 200 ⁰C for 5 min and treated in a HMDS atmosphere again. Then, a layer of 
positive photoresist (AZ9260, MicroChemicals) was spin-coated onto the wafer (300 rpm 
for 10 s then 2000 rpm for 60 s) to achieve a thickness of about 10 μm. After pre-baking at 
110 ⁰C for 165 s, the wafer was aligned to the photomask for the second layer in the same 
photo aligner and exposed to UV light for 42 s. The wafer was then washed in a mixture 
of AZ400K (Merck Performance Materials) and H2O (AZ400K:H2O=1:4) for 4 min to 
remove the exposed part of the photoresist. The exposed area of the silicon wafer was then 
dry etched to a depth of 5 μm by the plasma etcher (STS). To remove the rest of the AZ 
9260 photoresist layer, the wafer was immersed in heated 1165 resist remover (Dow) for 1 
h. (3) In the third cycle, the receivers and capillary channels designed to connect this single 
diode to other devices were patterned using a similar procedure as the second cycle except 
for the etching step. A plasma deep trench etcher (SLR 770) was employed instead of the 
STS etcher in the third cycle to obtain indented features with vertical walls and a depth of 
10 μm. The wafer was further cleaned in a Piranha solution (H2SO4 and H2O2, 1:1; 
WARNING: Piranha solution is highly oxidizing and corrosive!!) to dissolve any residual 
photoresist. 
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Figure 5.1 Schematic drawing for preparation of silicon master template through three cycles of 
photolithography and etching 
 
 
 
 
 
Figure 5.2 Schematic illustration of the printing process of a diode using the SCALE process showing 
(a) the as-prepared imprinted substrate, (b) Ag electrode printing, (c) P3HT ink printing, (d) side Ag 
electrode printing and (e) top PEDOT:PSS electrode printing with the corresponding top view optical 
images (f)-(j), and the schematic cross sections (k)-(o) along the white dashed line. 
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5.2.2 Imprinted flexible substrates 
The patterns on the silicon master template were first transferred to a flexible PDMS 
(polydimethylsiloxane)  stamp. The wafer was pre-treated in a trichloro(1H,1H,2H,2H-
perfluorooctyl)silane vapor to facilitate the peeling off process of the PDMS stamp. The 
PDMS elastomer and the curing agent (Sylgard 184, Dow Corning) were mixed to a weight 
ratio of 10:1 and the mixture was poured slowly on top of the silicon master template. Then 
the PDMS was heated to 70 ⁰C in an oven and kept at that temperature for 1 h. After the 
PDMS layer was fully cured and solidified, it was peeled from the silicon template 
followed by a post-annealing at 100 ⁰C for 30 min in an oven. 
A PET sheet was pre-cleaned by isopropyl alcohol. A layer of UV-crosslinkable imprint 
resist (NOA73: Norland Optical Adhesive 73) was coated on the PET sheet. Then the 
PDMS stamp was pressed into the imprint resist, which was illuminated by an ultra-violet 
light for 2 h. After the imprint resist solidified, it adhered firmly to the PET sheet. The 
PDMS stamp was then delaminated from the imprint resist, resulting in pattern transfer. 
The imprinted NOA73-PET laminate served as the substrate for printing devices.  
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Figure 5.3. Schematic illustration for preparation of imprinted substrates. (a) Silicon master template shown 
in Figure 5.1. (b) Casting PDMS over the silicon template. (c) Remove the thermally cured PDMS stamp. (d) 
Coating imprint resist onto a piece of PET substrate. (e) Pressing the PDMS stamp into the resist coating and 
Curing with UV light. (f) An imprinted substrate with patterns after the delamination of the PDMS stamp  
5.2.3 Ink preparation and inkjet printing of diodes 
The particle-free Ag ink was purchased from Electroninks. The P3HT ink was prepared 
by dissolving P3HT in dicholorobenzene to various concentrations (25, 37.5 and 50 
mg/ml). The PEDOT:PSS ink was prepared by mixing a commercial PEDOT:PSS ink 
(PH1000, Heraeus) with ethylene glycol (6 wt%) to improve the conductivity 125. 
All the inks were inkjet printed using an inkjet nozzle (Microfab) with an 80 μm orifice 
in ambient air, according to the sequence shown in Figure 5.2. A particle-free Ag ink 
(Electroninks, Inc) was first printed into two recievers (Figure  5.2 (b)) and annealed at 100 
⁰C for 3 min on a hotplate. Then P3HT ink was deposited on top of the Ag film in the 
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device reciever (Figure 5.2 (c)) and heated at 120 ⁰C for 30 min in a N2 atmosphere in a 
glovebox. Then the particle-free Ag ink was delivered into the side, contact receiver to 
form the connection to the top electrode (Figure 5.2 (d)) and dried. Finally, the top electrode 
was printed using the PEDOT:PSS ink (Figure 5.2 (e)) and annealed at 120 ⁰C for 10 min 
in a glovebox.     
5.2.4 Characterization 
Optical images were taken with a Hirox high-resolution optical microscope. All the SEM 
images were taken with a JEOL 6500 scanning electron microscope (SEM). The current-
voltage (I-V) curves were measured at a probe station with Keithley 236 and 237 source 
meters. A signal generator (Agilent 33512B) was utilized to apply the sine waves to the 
diodes, and an oscilloscope (Tektronix TDS3014C) was employed to measure the input 
and output signals.   
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Figure 5.4 Optical and SEM images of an unfinished diode showing details of the microfluidic diodes 
and the flow stoppers. (a) A top view scheme and (b) an optical image of a partially completed printed 
diode. Two regions of interest are highlighted. (c,d) Enlarged optical images for Region 1 after depositing 
the Ag film (c) and the P3HT film (d). (e, f) Slightly tilted SEM images for the red dotted regions in (c) 
and (d), correspondingly.  
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Figure 5.2 shows an overview of the printing process for diodes via the SCALE strategy. 
For example, Figures 5.2 (a, f and k) display the 3D schematic, the corresponding top view 
optical image of an imprinted pattern, and the device cross-section along the dotted line. 
The preparation process of the imprinted substrates is discussed in detail in the Supporting 
Information (Figure 5.1 and 5.3). In this paper, a contact receiver is defined as a circular 
depression where inks are delivered in order to form an external contact pad for a device; 
a device receiver is a circular cavity in which the delivered ink dries and forms an active 
layer of a device. The diode was mainly constructed within the two concentric device 
receivers shown on the upper left corner of Figures 5.2 (a-j). The smaller receiver (diameter 
= 500 μm, depth = 5 μm) for the bottom Ag electrode was depressed within the larger 
receiver (diameter = 700 μm, depth = 4 μm) designed for the semiconductor and the top 
electrode. The other two contact receivers and the capillary channels connected to them 
served as the external connection to the bottom and top electrodes, so the diode could be 
integrated into a circuit. The depth of these contact receivers and the capillary channels 
was 10 μm because a larger depth facilitates a longer capillary flow distance, which is 
preferrable for external connections.  
The printing process is depicted schematically in Figures 5.2 (b – e). First, a particle-
free Ag ink was delivered into the device receiver and contact receiver (Figure 5.2 (b)) and 
then dried on a hot plate in air to form the bottom electrode and the external connection to 
the bottom electrode (Figures 5.2 (g), (l)). The device receiver and contact receiver were 
connected through a capillary channel (width = 10 - 30 μm) with a two-tier junction, whose 
structure and function are discussed later.              
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5.3 Design and Fabrication of Printed Diodes  
In the next step, P3HT ink was printed into the larger device receiver over the Ag film 
(Figure 5.2 (c)) and the ink flowed into a wide channel (width = 100 μm) to fully cover the 
underlying Ag film (Figures 5.2 (h), (m)). After drying and annealing of the P3HT film, 
the same particle-free Ag ink was printed into the contact receiver on the right side (Figure 
5.2 (d)). The adjoining capillary channel that connected to the P3HT-filled device receiver 
contained a two-tier junction. Thus, Ag ink could flow via the channel onto the circular 
P3HT film and form a crescent-shaped contact along the circular ink receiver lip (Figure 
5.2 (i)). Lastly, PEDOT:PSS ink was printed into the same receiver as the P3HT ink (Figure 
5.2 (e)) and annealed to form the top electrode (Figures 5.2 (j), (o)). The PEDOT:PSS also 
covered the crescent-shaped Ag film on top of P3HT to make an external connection to the 
top electrode (Figure 5.2 (j)).  
5.4 Flow Control Structures 
To fabricate a diode in a vertically stacked structure using the SCALE process, precise 
control of the ink flow in the imprinted capillary network is critical to avoid short circuits 
and to improve reproducibility. We incorporated two types of ink flow control structures, 
namely flow stoppers and microfluidic diodes, into the capillary network to regulate ink 
flows and subsequent film deposition. Figure 5.4 (a) shows the flow control structures in 
two regions of interest in a schematic drawing of a printed diode from top view. Figure 5.4 
(b) displays the corresponding top view optical image. Enlarged optical images of Region 
1 are shown in Figures 5.4 (c, d) to show the design details clearly. Region 2 is shown in 
Figure 5.5 and will be discussed later. 
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A flow stopper is a rectangular depression 3. Two stoppers were introduced along the 
wide channel connected to the P3HT receiver (Figures 5.4 (c, d)). The stoppers (depth = 
10 μm) were deeper than the wide P3HT channel (depth = 4 μm), thus creating an edge 
along the flow path of the Ag ink and obstructing further flow along the side walls of the 
wide channel. When the Ag ink was delivered to the contact receiver at the bottom of the 
image, the ink passed the microfluidic diode, bifurcated along the walls on both sides at 
the intersection of the wide P3HT channel and the narrow channel and then was stopped 
by the rectangular depressions due to contact line pinning at the sharp edge. Without the 
stoppers, the Ag ink might flow along the side walls of the wide P3HT channel and into 
the adjoining P3HT receiver, in which the Ag film along the side wall couldn’t be fully 
covered by the P3HT film. Since PEDOT:PSS shared the device receiver with P3HT, the 
uncovered Ag film along the side wall would be in contact with the PEDOT:PSS layer, 
causing shorting defects.  
 
 
Figure 5.5. Role of microfluidic diode in Region 2. (a) Optical image of a partially completed printed 
diode showing the second microfluidic diode in Region 2. (b-d) Zoom in optical images of Region 2 
showing (b) the empty channels, (c) the pinning effect of P3HT ink and (d) the formation of the crescent 
shaped Ag film. (e-g) corresponding tilted SEM images of the black dotted boxes in (b-d). 
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The second type of ink flow control structures was the microfluidic diode. A microfluidic 
diode consists of two adjoining open capillary channels: a narrow, shallow channel abutting 
a wide, deep channel (Figure 5.4 (e, f)). This junction provides unidirectional ink transport 
that only allows the ink to flow from the deeper channel to the shallower one but halts the 
flow in the opposite direction due to the Gibbs criterion that governs flow over edges and 
steps 109. The microfluidic diode in Region 1 is displayed in Figures 5.4 (c, d) marked by 
red dotted boxes. Ag ink delivered to the contact receiver flowed through the junction to 
make connection to the Ag delivered nearly simultaneously to the device receiver. A 
granular Ag film was deposited uniformly in the microfluidic diode and in the two 
receivers. The tilted SEM image in Figure 5.4 (e) shows the high quality Ag film in the 
microfluidic diode. In the next step, P3HT ink was delivered to the device receiver, 
covering the bottom Ag electrode. Excess P3HT ink flowed out of the receiver and down 
the capillary, but was pinned at the junction (Figure 5.4 (d)). The SEM image in Figure 5.4 
(f) clearly shows that the deposition of P3HT stopped at the junction. Interestingly, this 
also indicates that the underlying Ag film does not disturb the flow control function of the 
microfluidic diode. Crucially, the microfluidic diode prevented the P3HT ink from flowing 
over the Ag contact pad, which is important for clear device definition and integration into 
circuits. 
Figure  5.5 (a) shows the microfluidic diode in Region 2 on the right side of the device 
in the black dotted box. Figures 5.5 (b -  d) display the top view optical images of the 
junction before printing, after P3HT deposition, and after the second Ag deposition, 
respectively. Excess P3HT ink delivered to the device receiver (as described above) flowed 
into the narrow capillary but stopped precisely at the junction (Figures 5.5 (c, f)). After the 
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P3HT film dried, the Ag ink delivered subsequently to the contact receiver on the right 
flowed through the junction over the P3HT film in the narrow channel and into the circular 
lip on the right side of the device receiver. The deposited Ag film formed a crescent shape 
on the lip because the hydrophobicity of the P3HT surface inhibited the ink from flowing 
and spreading farther. Thus, this second  microfluidic diode blocked P3HT ink from 
flowing over the external contact but then allowed the Ag ink to pass the junction to add 
the necessary connection to the top device electrode, namely PEDOT, delivered to the 
device receiver at the last step (see Figure 5.2 (e)). PEDOT:PSS ink has a higher surface 
tension than Ag and P3HT ink 109. So, the PEDOT:PSS ink was confined within its receiver 
very well and didn’t enter the adjacent narrow capillary channels filled with Ag (and 
partially with P3HT). Taking advantage of the difference of surface tension of the inks 
 
 
Figure 5.6. (a-c) top view optical images of annealed P3HT films deposited using inks with a P3HT 
concentration of (a) 25 mg/mL, (b) 37.5 mg/mL and (c) 50 mg/mL. (d-f) cross-sectional SEM images for 
completed devices taken along the red dashed lines shown in (a-c)   
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prevents undesirable contact between the top and bottom electrodes. This is one reason 
why PEDOT:PSS was placed on the top instead of at the bottom.  
The thickness of the P3HT film has a significant influence on the device performance 
and yield. Figure 5.6 shows the P3HT film deposited from inks with concentrations varied 
from 25 mg/ml to 50 mg/ml. Figures 5.6 (a - c) show the top view optical images of the 
P3HT film over the bottom Ag electrode. To characterize the thickness of P3HT films, 
completed devices were cut across the P3HT receivers along the red dashed lines after 
printing the top PEDOT:PSS electrodes. Cross-sectional SEM images taken at the center 
point of the P3HT receiver are shown in Figures 5.6 (d - f). When a 25 mg/ml P3HT ink 
was used, the underlying Ag film was not fully covered by the P3HT film. Most of P3HT 
deposited along the edge because the ink wet the sidewalls of the receiver, leaving a thin 
and non-uniform P3HT film covering the Ag electrode in the center. A P3HT layer is barely 
visible between the Ag and PEDOT:PSS films in Figure 5.6 (d). As a result, all devices 
fabricated with 25 mg/ml P3HT inks were shorted, indicating that this concentration was 
too low to deposit a thick enough P3HT film. When the ink concentration increased to 37.5 
mg/ml, the Ag electrode was fully covered by a P3HT film with a thickness of 528 nm at 
the center. The yield of functional diodes printed with the 37.5 mg/ml P3HT ink was around 
22%, which was not satisfactory for a reliable process. When a P3HT ink of 50 mg/ml was 
used, the film thickness at the center of the device receiver increased to 950 nm, resulting 
in a raised yield up to 90%. The boost in yield upon increasing ink concentration could be 
explained by the thinning of the P3HT film at the edge of the Ag-coated device receiver, 
see Figure 5.2 (n). The P3HT film covering the vertical wall at the edge of the device 
receiver was much thinner than the P3HT film over the center of the receiver. Using a 
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P3HT ink with a concentration of 37.5 mg/mL had a higher possibility of leaving a P3HT 
film that was too thin at the edge of the receiver to cover the underlying Ag film, leading 
pinholes and shorts. Consequently, P3HT inks with a concentration of 50 mg/ml were used 
for diode printing and further device tests. The humidity when printing the diodes was also 
critical to the yield; high humidity led to undesirable wetting of the P3HT ink outside the 
device receiver, resulting in a thinner P3HT film in the device receiver. A relative humidity 
around 20% was needed to guarantee a high yield.   
5.5 Electrical Performance 
Figure 5.7 presents the electrical performance of printed diodes using P3HT inks with a 
concentration of 50 mg/ml. Figure 5.7 (a) plots the I-V characteristic of a printed diode 
 
 
Figure 5.7. Static and dynamic electrical performances of printed diodes (a) IV characteristic of a printed 
diode. (b) IV curves collected from 25 printed diodes and (c) histogram of log(rectification ratio) of these 
devices. (d-)  dynamic performance of a rectifier circuit (shown in the inset image in (f)) at an input 
frequency of (d) 10 Hz and (e) 10 kHz. (f) Output voltage as a function of input frequency for the rectifier 
circuit in the inset image. The capacitor connected in series with the diode is 1 μF. 
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when sweeping the voltage applied to the top PEDOT:PSS electrode from -1 V to 1 V and 
grounding the bottom Ag electrode. No measurable hysteresis was observed. Figure 5.7 (b) 
overlays the I-V curves of 25 printed diodes to evaluate the reproducibility of the process, 
and the calculated rectification ratios were measured to be 103.5 ± 0.6, which is summarized 
in a histogram (Figure 5.7 (c)). The variation in device performance could be further 
improved by better control of the ink delivery process and the substrate wetting condition.  
In order to assess the printed diode as a rectifier, a simple circuit was employed for 
dynamic measurements in which a printed diode was connected in series with a commercial 
 
 
Figure 5.8. (a) Photo of a bended 3 × 3 array of printed diode on a piece of imprinted substrate. (b) A 
3D schematic illustration of a bending test over a glass vial. (c) IV curves measured on a bended diode 
as the tensile strain increases from 0 to 0.8%. (d) IV curves collected after repeated bending cycles from 
0 to 5000 bends.  
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capacitor (C = 1 μF). The measurement circuit is shown in the inset plot in Figure 5.7 (f). 
Under a 10 Hz, 1 V peak-to-peak oscillating input signal, an output DC voltage of 0.7 V 
was obtained (Figure 5.7 (d)), which demonstrates a maximum 70% rectification 
efficiency. A DC output voltage of 0.55 V was maintained when the input frequency rose 
to 10 kHz without any AC ripples (Figure 5.7 (e)). The frequency response of the output 
of the rectifier circuit is plotted in Figure 5.7 (f), indicating that the printed diodes rectified 
an AC signal with a frequency as high as 100 kHz.  
As shown in Figure  5.8 (a), an array of diodes was printed on a flexible substrate. The 
mechanical durability of the printed diodes was investigated by measuring the I-V 
characteristics under various bending conditions, as shown schematically in Figure 5.8 (b). 
The device was first tested in situ when wrapped around a glass vial with a bending radius 
of 1.25 or 1 cm, which correspond to a tensile strain of 0.64% or 0.8%. The electrical 
performance was unchanged under a tensile strain up to 0.8% (Figure 5.8 (c)). Then the 
device was bent repeatedly over a glass vial to a tensile strain of 0.8 % and the electrical 
performance was tracked, Figure 5.8 (d). After 5000 bend cycles, there were no appreciable 
changes in the electrical performance, demonstrating excellent mechanical durability. 
Printed P3HT and PEDOT:PSS films are inherently flexible, but it was easier for the Ag 
film to crack under a tensile strain due to its granular nature. So, the resilience to bending 
of an individual device depended primarily on the quality and thickness of the deposited 
Ag film.  
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5.6 Conclusion 
Fully printed and flexible diodes were fabricated via the SCALE strategy that utilizes 
capillarity, differential wetting, and edge pinning to control liquid flows. Diodes with a 
rectification ratio as high as 5×104 were achieved with this process, and printed diodes on 
flexible substrates demonstrated excellent mechanical durability in bending tests. Overall, 
this work demonstrates a reliable way to fabricate flexible diodes by printing. We anticipate 
that the process design described here can also be utilized for other electronic components 
with a vertically stacked structure such as capacitors and crossovers. Furthermore, the 
integration of the diodes into simple AC power rectifiers suggests that these devices can 
be employed in fully printed RFID tags and sensors by the SCALE method, which will be 
the subject of future work. 
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Chapter 6  
Future Work 
6.1 Reducing the Overall Device Footprint 
In traditional microelectronic manufacturing area, the development of integration 
density follows a trend known as the Moore’s law. The number of transistors on a silicon 
chip doubles every two years. Higher integration density has always been the pursuit of 
semiconductor industry because it indicates higher chip functionality. Although printed 
devices are much larger in size compared with electronic elements on a chip, device density 
is still a big concern in printed electronics field considering the fabrication cost. So, one 
possible direction of future work in SCALE will focus on miniaturization of printed devices. 
This goal can be realized by both shrinking the size of the receivers and optimizing the 
pattern design.  
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6.1.1 Shrinking the size of receivers 
In the work showcased in the preceding chapters, both ink and device receivers have 
diameters around or above 500 m, which is large in size compared to the capillary 
channels. On one hand, using these large receivers greatly relax printing tolerance; On the 
other hand, these large receivers significantly increase the total area taken by each device. 
Scaling down ink receivers which don’t serve as active layers in a device is an easier 
approach since the size of ink receivers doesn’t have a significant impact on device 
performance. For example, if the ink receiver diameter in the printed resistor discussed in 
Chapter 4 shrinks from 500 m to 100 m, the total footprint can be reduced by 40%. 
    The nozzle (Microfab) used in Chapter 4 and 5 has an orifice diameter of 80 μm, which 
delivers ink drops with a diameter of around 90 m.  Printed dots are around 220 μm after 
the spreading and drying of drops on the substrate, which is too large for 100 m receivers. 
In order to achieve a higher resolution, a nozzle with a smaller orifice is preferred for 
 
 
Figure 6.1 Dimatix printhead 
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targeting smaller receivers. Dimatix printhead, another type of piezoelectric printhead, has 
an orifice of 21 m. Figure 6.1 shows the structure of a Dimatix printhead. Utilizing 
Dimatix printhead for printing can reduce the diameter of the printed dots to around 50 m 
with 26 m drops. The relationship between the orifice opening and drop size is 
summarized in Table 6.1. It is promising to reduce the receiver size down to 100 m by 
utilizing a printhead with a smaller orifice and a more precise digital alignment system. 
One challenge with utilizing printheads with smaller orifice is that they have a higher 
tendency of clogging by the dried ink. In SCALE, inks are formulated to facilitate low-
temperature (< 120 C) drying due to the processing temperature requirement of the plastic 
substrate. Besides, fast drying is preferred when building a continuously running roll-to-
roll printing line. Inks with more volatile solvents are preferred since they dry faster at a 
low temperature. This feature can shorten the processing time. Considering these two 
preferences, solvents with low boiling point and good volatility at low temperature are 
frequently used in ink formulations. However, particle accumulation or film deposition 
within and around the nozzle caused by fast drying may clog or partially clog the orifice. 
As a result, the ejected drops are misaligned with the targeted receiver. Satellite drops may 
also be generated in this process. So, printing through smaller orifices puts a higher 
requirement for the ink formulation, which may limit the range of available inks. For 
example, printing polymer particle-based PEDOT:PSS PH1000 ink (Heraeus) may cause 
nozzle clogging for the 21 m orifice. Another PEDOT:PSS ink (P Jet HC from Heraeus) 
is available designed for jetting from small orifice, but the film conductivity deposited by 
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this ink is lower than the PH1000 ink. There may be a tradeoff between printability and 
electrical performance in ink formulating. 
Table 6.1 Comparison between Microfab and Dimatix printheads 
Printhead Microfab Dimatix 
Orifice diameter 80 m 21 m 
Droplet diameter ~ 90 m ~26 m 
Droplet volume ~380 pl ~10 pl 
Printed dot diameter ~ 220 m ~ 50 m 
 
6.1.2 Optimizing the pattern design 
Another method to reduce the footprint is by optimizing the pattern layout for each 
electrical element. For example, changing the planar layout of a printed capacitor into a 
stack structure can reduce the area taken by a device for the same capacitance. Sharing the 
ink receiver between different devices (Figure 6.2) can both reduce the footprint and the 
waste of metal materials. Taking advantage of ink flow control structures introduced in 
Chapter 5 is also a good route. Figures 6.3 (a) and (e) show the design for a design in a 
previous report 1 and a new design of crossover structures. The new design significantly 
shrinks the device footprint by utilizing microfluidic diodes to eliminate the “box” marked 
by red arrows in Figures 6.3 (a)) designed to bifurcate the flow of epoxy. Figure 6.3 (b-d) 
depicts the printing process of the new crossover structure. 
 
   
89 
 
 
Figure 6.2 A interconnect structure designed to connect three resistors and one capacitor. The interconnect 
can be printed by only deliver Ag ink in one receiver.   
 
 
 
 
 
Figure 6.3 Comparison of the previous crossover structure design and the new design. (a) crossover 
structure design by SCALE in 1. (b-e) fabrication process of a crossover junction based on the new design. 
(b) printing the bottom silver electrode and external connections. (c) printing the insulating epoxy layer. 
(d) printing the Ag connections on both sides. (e) printing the top PEDOT electrode to connect the two 
Ag electrodes on both sides.  
(a)
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6.2 New Design for a Stack Structure in SCALE 
    In SCALE, complex topography is patterned on the surface of the plastic substrate to 
guide the ink flow. Although this feature improves printing resolution and materials 
registration, it also introduces another short circuit problem when printing a multilayer 
device in a vertically stacked structure.  
The design of printed diodes by SCALE, as has been shown in the preceding chapters, 
has two concentric circular ink receivers with different radii, resulting in a staggered cavity. 
When ink dries inside the cavities and deposits a thin film along the wall, the P3HT film 
covering the vertical wall at the edge of the device receiver (Figure 6.4 (b)) was much 
thinner than the P3HT film over the center of the receiver (Figure 6.4 (c)). For example, 
 
Figure 6.4 Thinning of P3HT film at the edge of the ink receiver observed in the diode design in chapter 
5. (a) a top view optical image of a completed diode. (b,c) Cross-sectional SEM image taken at the 
corresponding marked red boxes in (a) for film stack at (b) the edge of the Ag receiver and (c) the 
center of the Ag receiver.     
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for a printed diode, in order to retain the device footprint without degrading the 
performance, a thinner semiconductor is preferred in the stack structure to increase the 
forward current. But further reduction of the P3HT film thickness by reducing the 
concentration may lead to electrical shorts at the edge of the inner receiver. 
 
 
Figure 6.5 Comparison between an indented receiver and an infinite receiver. (a,b,c) plots of an indented 
receiver from (a) top view, (b) cross sectional view along the red dashed line, and (c) cross sectional view 
after deposition of a silver layer. (d,e,f) plots of an infinite receiver from (d) top view, (e) cross sectional 
view along the red dashed line, and (f) cross sectional view after deposition of a silver layer.      
 
In order to tackle this issue, a new design is proposed for printing a device in a stack 
structure by introducing an “infinite receiver”. In this design, circular trenches are utilized 
instead of indented reservoirs to build the device receivers (Figure 6.5 (d, e)). The center 
of the device receiver is at the same level as the rest of the substrate, which reduces the 
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elevation change on the surface and eliminates the edge of the stagger structure in the 
previous design. Circular trenches have the same functions with the indented reservoirs. 
When ink is only deposited in the inner circle and spreads within it, the drop is confined 
within the circle due to the edge pinning effect. If the same ink is fed into the circular trench 
from another ink receiver connected to it right after the ink delivery to the inner circle, the 
ink merges with the drop in the inner circle and form a continuous film after drying (shown 
in Figure 6.5 (f)) connecting the inner circle to the trench and further to the external contact 
pad. The film within the inner circle serves as the bottom electrode. When the subsequent 
layer (e.g. P3HT for a diode) is deposited, dried film can fill the trenches and planarize the 
surface, thus reducing the thickness variation due to film thinning at the edge.  
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Figure 6.6. Schematic illustration of the printing process of a diode using the new design showing (a) the as-
prepared imprinted substrate with all black area indented below the surface. (b) printing Ag electrode in the 
infinite ink receiver, (c) printing P3HT ink, (d) printing side Ag electrodes, (e) printing top PEDOT:PSS 
electrode, and the schematic cross sections (b, d, f, h, j) along the white dashed line. 
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Figure 6.6 shows the printing process of a diode utilizing this new infinite reservoir 
design schematically from the top and cross-sectional view.  The two concentric indented 
device receivers in the previous diode design in Chapter 5 were replaced by infinite device 
receivers in Figure 6.6 (a). In Figure 6.6 (a, c, e), all the black areas are indented. The ink 
receivers were kept as indented receivers to feed ink into the capillary channels. In the first 
printing step shown in Figure 6.6 (c) and (d), the particle-free Ag ink was delivered to the 
infinite device receiver on the top and the ink receiver on the bottom. The ink in the circular 
trench and the drop in the center of the top device receiver merged together into one bead. 
After the ink dried and formed a silver film, these two receivers were electronically 
connected. The circular Ag film in the top device receiver served as the bottom electrode 
of a diode. Then, a 50 mg/ml P3HT ink was printed into the larger infinite device receiver 
to cover the Ag film (Figure 6.6 (e) and (f)). The P3HT ink used here shared the same 
formulation with the one mentioned in Chapter 5. After drying and annealing of the P3HT 
film, the P3HT film filled the circular trench around the smaller Ag device receiver. Then, 
the same Ag ink was delivered into the two ink receivers on the left and right side (Figure 
6.6 (g) and (h)). The Ag ink entered the circular trench defining the P3HT device receiver. 
This trench is designed to both confine the P3HT ink and to provide external connections 
to the top PEDOT:PSS electrode, which was deposited in the next printing step. In the last 
printing step, the high conductivity PEDOT:PSS ink similar to the one used in Chapter 5 
was delivered into the P3HT device receiver as the top electrode (Figures 6.6 (i) and (j)) 
since P3HT shared its device receiver with PEDOT:PSS to minimize the device size. The 
PEDOT:PSS film connected with the Ag film in the circular trench around the PEDOT:PSS 
device receiver due to the small overlap of these two films at the receiver edge. So, a printed 
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diode is completed. The cross-sectional SEM images (Figure 6.7 (b) and (c)) show that the 
P3HT film thickness at the edge (1.6 μm) is thicker than that at the center (0.74 μm) of the 
Ag device receiver. This new design is expected to achieve planarization of the middle 
layer to facilitate the deposition of the subsequent layers and to avoid short circuits.  
 
Figure 6.7 P3HT thickness variation across the Ag device receiver. (a) a top view optical image of a 
completed diode. (b,c) Cross-sectional SEM image taken at the corresponding marked red boxes in (a) for 
(b) at the edge of the Ag receiver and (c) at the center of the Ag receiver     
 
  The dimension of the circular trench of the Ag device receiver was further optimized 
and the results were shown in (Figures 6.8 (a) and (b)). In Figure 6.8 (a),  the trench has a 
width of 7.3 μm, which is too wide for the P3HT layer to completely fill the trench. When 
the trench width was decreased to 3 μm, the trench was filled by P3HT, resulting in an 
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almost flat P3HT top surface (Figure 6.8 (b)), making it easier for depositing the 
subsequent layer. The P3HT film in and over the trench was labeled and separated with red 
dashed lines in the cross-section SEM image in Figure 6.8 (b), indicating the planarization 
of the trench which was coated with a thin silver layer. The silver film on the edge of the 
infinite device receiver was fully covered by a P3HT film with a thickness of around 1.6 
μm, which was thicker than the P3HT (~ 740 nm) over the center of the Ag device receiver. 
The comparison is displayed by cross-sectional SEM images taken at the edge and the 
center of the Ag device receiver in Figure 6.8 (b) and (c). So, the application of infinite 
device receivers can help prevent the film thinning at the edge of the receiver and eliminate 
the short circuit problem caused by the poor coverage of the Ag film. 
 
Figure 6.8 The impact of circular trench width of the Ag receiver on the filling of P3HT in the trench. (a) a 
top view optical image of a completed diode. (b,c) Cross sectional SEM image taken at the marked red box 
in (a) for (b) channel width = 7.3 μm and (c) channel width = 3 μm     
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The electrical performance of this printed diode based on the new design was evaluated 
and the IV curve was displayed in Figure 6.9. The diode exhibited a rectification ratio of 
104 and no hysteresis was detected. The reverse current was lower compared to the previous 
result in Chapter 5 because the leakage current was reduced by the elimination of the edge 
thinning of the P3HT film. It is promising to further increase the forward current level by 
utilizing a P3HT ink with a lower concentration to reduce the P3HT film thickness. 
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Figure 6.9 IV characteristic of a printed diode. 
There are many advantages of this new design with infinite device receivers. First, this 
design utilizes infinite receivers to reduce the thickness variation of the P3HT film, making 
it possible to further reduce the film thickness to achieve a higher forward current without 
causing short circuits. Second, the idea of using infinite receiver helps with planarization 
of the patterned surface, which is very important for the fabrication of a multilayer device. 
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So, this idea can also be utilized in the design of other electronic components with a 
vertically stacked structure such as capacitors, transistors and crossovers. Third, 
preparation of the silicon master template of this design only takes two patterning cycles 
instead of three cycles in the previous design. So, the fabrication process is simpler.  
The existing challenge of using this new design to print diodes is to boost up the yield. 
The yield of functional devices was around 50%. One possible reason leading to this low 
yield is that the contact between the top PEDOT:PSS electrode and the external Ag contact 
along the edge of the infinite device receiver is not very solid, resulting in open circuit 
issue sometimes. Further optimization of the pattern design is needed to form a more 
reliable contact and to improve the yield. 
 
Figure 6.10 Cracking of Ag film deposited within a capillary channel 
6.3 Improving Mechanical Durability 
With the aim of fabricating flexible electronic circuits, the endurance to bending cycles 
is an important metric for devices printed via the SCALE method. Most of the polymer 
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materials used are robust to bending because they benefit from their intrinsic flexibility. 
But particulate Ag films, which are also frequently used in SCALE, suffer from poor 
flexibility. Ag films thicker than 1 m in SCALE cannot withstand a tensile strain more 
than 1%. Figure 6.10 shows the crack of a Ag film inside the channel after bended to a 
tensile strain of 1% along the channel. This is also a problem with roll-to-roll printed 
circuits because completed devices are collected in a roll by a rotating drum at last. So, 
improving the flexibility of printed Ag films is the key point of realizing real flexible 
circuits. To meet the requirement of flexibility, it is necessary to modify the Ag layer.  
 
 
 
Figure 6.11 Top view SEM images and schematic crosssections of printed microfluidic channels with 
graphene and silver. (a) top view SEM image and (b) plot of the crosssection of a printed graphene film. 
(c) top view SEM image and (d) plot of the crosssection of the Ag film printed on top of the graphene 
film.    
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One possible route is to print a layer of graphene under the Ag layer as a buffer layer to 
improve the flexibility. Graphene is also a printable conductive material that can be used 
as electrodes 108. Graphene ink is formulated by dissolving both graphene sheets and ethyl 
cellulose in cyclohexanone 143. Compared with Ag films, graphene films are less 
conductive due to the existence of the organic binders and have a higher work function 
(around 5 eV). So, graphene is not suitable to replace Ag for printing the electrode of a 
diode with P3HT as the semiconductor layer directly. But it makes a good electrode for 
printed capacitors. Before the printing of Ag ink, graphene ink was delivered into the ink 
receivers designed for the Ag ink followed by a drying step and a photonic sintering step 
to reduce the amount of organic binders. A dense graphene film was coated uniformly 
inside the channel, shown in Figure 6.11 (a). Then the particle-free Ag ink was delivered 
into the same ink receiver. The Ag ink spread over the graphene film and flowed into the 
channel, forming a Ag layer right on top of the graphene layer after a drying and annealing 
step. After bending the Ag/graphene laminate to a tensile strain of 1%, no cracking of the 
Ag film was visible in the top view SEM image (shown in Figure 6.11 (c)). Possible reasons 
for this flexibility improvement of the Ag film are that (1) The graphene film acts as an 
underlying buffer layer and releases the tensile stress; (2) The Ag film becomes thinner 
because the deposition of graphene film makes the channel shallower; (3) The underlying 
graphene film changes the morphology of the Ag film, making it more resilient to bending. 
More investigations are required to clarify the real reason for the improvement, and the 
impact of the graphene film on the device performance also needs to be explored before 
this method can be applied in device fabrication. 
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Using a compound material consisting of graphene or silver and a polymer network is 
another promising route to solve this problem. Conductive fillers are imbedded in a flexible 
network to improve the conductivity of the film and at the same time retain its flexibility. 
Electrical properties can be tuned by adjusting the ratio between the filler and the polymer. 
Incorporating this material into SCALE process might be harder than the other route of 
simply laminating two layers. The first step is to formulate an inkjet printable ink based on 
a mixture of conductive fillers and a polymer, which may require extra efforts.  
6.4 Circuit Integration 
It has been demonstrated that SCALE is capable of fabricating multiple essential 
building blocks in a circuit. In chapters 4 and 5, the successful fabrication of printed RC 
filters and the integration of the diodes into simple AC power rectifiers suggest that these 
devices can be employed in fabricating a functional circuit by the SCALE method, which 
is another direction of future work and also the ultimate goal of the SCALE process. 
In the near future, envisioned applications include fully printed RFID tags and sensors, 
which are relatively simple circuit. Using simple printed components, strain sensors, 
humidity sensors and temperature sensors can be realized.  
Figure 6.12 Circuit of a full wave bridge rectifier 
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For mass production of flexible integrated using SCALE, it is essential to minimize the 
performance variation of printed devices from batch to batch and to improve the yield by 
having better control of the printing process. Because each individual device contributes 
to the overall performance of the circuit. Besides, the process flow for each individual 
component needs modification to accommodate the fabrication requirement of other 
devices. For example,  a full wave rectifier consists of four diodes (Figure 6.12) in which 
two diodes are connected head to tail. So, the top electrode of one diode needs to be 
printed together with the bottom electrode of the diode connected to it, which gives rise 
to a fabrication challenge. Overall, SCALE is a promising route to realize large-scale 
manufacturing of fully-printed functional circuits.  
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